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GENERAL INTRODUCTION 
It is axiomatic that radiant energy interception by 
plant communities affects production to a considerable ex­
tent. However, information concerning the manner in which 
this energy is intercepted and the amount necessary in the 
field, is lacking to accurately appraise field production. 
Different species differ in their response to light under 
varying environmental conditions and growth stages. Al­
though research has been reported on net assimilation and 
light interception with single leaf chambers(1, 16, 31, 
44, 107) it has been postulated that these light response 
curves cannot be validly applied to field communities. Data 
reported by Heinicke and Childers (41) for apple tree and 
Murata and lyama (75, 77) for potato, rice and soybeans, 
for example, support this hypothesis. 
Light quantity in plant communities also involves dis­
tribution through its profile. Such information in field 
soybeans is limited. Information concerning carbon dioxide 
assimilation is also needed through selected growth stages 
and under varying sunlight conditions to accurately assess 
the significance of light interception with time. 
Consideration of these related problems led to the 
initiation of the following study in three parts, the pur­
poses of which were: (i) to determine the distribution pat­
2 
tern of light interception in field soybeans and to de­
termine whether light distribution through the profile of 
a row-type crop could be approximated by a hypothesized ex­
ponential relationship; (ii) to establish the relationship 
between intercepted light intensity and apparent (net) 
photosynthesis in field soybeans, in particular to de­
termine whether a saturation level of a single leaf report­
ed by Bohning and Burnside (16) was also applicable in field 
communities, and (iii) to determine the responses of field 
soybeans under reduced sunlight through selected growth 
stages. 
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PART I. LIGHT INTERCEPTION AND DISTRIBUTION 
4 
REVIEW OF LITERATURE 
The light intensity gradient within the profile of 
plant communities contributes a dominant role to crop 
productivity. It was not until 1953 that Monsi and Saeki 
(72) and Davidson and Philip in 1958 (25) were able to 
describe this gradient in quantitative terms. They showed 
that in many plant communities, relative light intensity 
was an exponential function of leaf area index, an index 
initially introduced by Watson (108). The relationship is 
as follows: 
I = I„e-^ (1) 
where; I = radiant energy intercepted through an incre­
ment leaf area index 
IQ = incident energy at the top of the canopy 
A = leaf area or leaf area index (hereafter will be 
referred to as LAI) 
k = a constant referred to as the extinction co­
efficient, which is a function of the nature 
of the absorbing material and the wave length 
of the light. 
If the natural logarithm of equation 1 is determined, the 
following is obtained. 
In I = In IQ - kA (2) 
or 
5 
In (I/IQ) = _kA (3) 
Equation 2 or 3 gives the familiar straight line relation­
ship where k represents the slope. 
The extinction coefficient k, varies with plant mor­
phology, assuming monochromatic light. Stern and Donald 
(97) have reported that the distribution of light as a per­
centage at the top of a grassy sward decreased more gradual­
ly than a clover sward. Consequently k in grass was smaller 
than for a clover sward. Hayashi and Ito (40) were able to 
show that with several rice varieties, a community with a 
larger leaf area could only be secured with smaller k. 
The extinction coefficient also varies with wave 
length. Allen ejt (2) calculated k = 0.0100 for the 
visible range (0.4 - 0.7 microns) and k = 0.00754 for the 
total short wave radiation (0.3 - 3.0 microns) in a corn 
crop with maximum LAI of 4.2. In a study of the heat bal­
ance under rice, Uchijima (104) related the ratio of net 
radiation on the water surface under plant cover (S^) to 
the net radiation at the top of the plant cover (SQ) and 
found it to decrease exponentially with LAI. If minus 
was equal to the net radiation absorbed in the plant 
layer, he was able to show the energy distribution within 
the profile and relate it with such factor as transpiration 
through the layers of the canopy. 
The relative light intensity under foliage varies widely 
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with developmental stage and LAI. Hogetsu et (49) 
showed that the value of k varied because of the arrange­
ment of leaves, which in turn were related closely to the 
degree of mutual shading. They indicated the necessity of 
determining the degree of cover, in order to assess the 
degree of shading. 
For most field crops, it is the upper leaves in the 
canopy that intercept a large portion of the incoming light. 
The data of Allen (2) show that in the visible range, 
50% of the light was intercepted by the top 25% of the leaf 
area. With 40-inch equidistant hill spacing, the data of 
Denmead et al. (26) indicated that on clear as well as 
cloudy days, relative net radiation interception followed 
an approximate exponential curve and that 50% was inter­
cepted within the top one-third LAI. Uchijima*s (104) data 
showed a similar relationship. For grassy sward, Stern and 
Donald (97) found that 50% of the light is intercepted by 
about the top one-third LAI, whereas for clover sward, 50% 
was intercepted by about the top one-half LAI. 
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METHODS AND MATERIALS 
Description of experimental site 
Location and soil characteristics This study was 
conducted at the Beech Avenue Experimental Farm plots, 
Ames, Iowa. The experimental site had a slight slope of 
less than 1%, with the higher elevation on the west side. 
In 1963, soybeans were the predominant crop in the surround­
ing area and were located on the south, north, and west 
sides of the site. The east side of the site was in pasture. 
In 1964, plots east and north of the site were planted with 
corn while the south and west plots were again cropped with 
soybeans. 
The soil is a Colo clay loam characterized by a grayish 
brown to nearly black soil in the top 9-12 inches. The soil 
becomes sandy below 55 inches and yellowish brown in color. 
At the top 5 feet, the soil averages about 36-38 percent 
soil moisture by volume at field capacity. At the wilting 
point, the soil averages about 22 percent moisture. Approxi­
mately 7.5 to 9 inches of water is available for plant 
growth at field capacity (9). 
Crop and field management Soybeans (Glycine max (LO 
Merrill) Hawkeye variety, were planted at a rate of 10-12 
seeds per foot of row and later thinned to 8 plants. Where 
needed, isolated plants were transplanted to obtain a relatively 
8 
uniform stand. Rows were oriented north-south at several 
row spacings. Hand weeding was necessary during the early 
growth stages and at periodic intervals to minimize weed 
population. Irrigation by an overhead water sprinkling sys­
tem was accomplished frequently to maintain the available 
water at a high level. In 1963, a threshold of one atmos­
phere (about 29 percent by volume and about 60 percent 
available) indicated by several calibrated tensipmeters 
at the 12-inch level, was used to monitor the soil moisture 
content. In 1964, the relative turgidity technique method 
for soybeans (65) was initiated. The criterion called for 
irrigation whenever the relative turgidity or the ratio of 
the internal water content of the leaves in the field to 
the internal water content at full turgor (as performed in 
the laboratory) at 3:00 PM fell below 83% Î 2% for three 
consecutive days. 
Unless the soil fertility content is very low, soybeans 
do not respond to fertilizer application. A soil analysis 
for the experimental site indicated that fertilizer applica­
tion was not necessary. 
Treatments 
This portion of the study was primarily to analyze the 
distribution pattern of light received by different spaced 
row-type field soybeans. It was postulated that different 
9 
row spacings would have different patterns of light dis­
tribution; thus, spacing levels of 18, 24, 30, and 36 inches 
were included. Since this involved only the above ground 
portion of the plants, the possibility existed that under­
ground competition between rows might affect the differen­
tial responses. Therefore, galvanized metal, coated with 
bituminous paint was inserted 9 inches to each side of the 
plant row and 30 inches deep on all spacing treatments. The 
9-inch position of the metal barrier was based on the divi­
sion of the 18-inch spacing whereas the 30-inch depth was 
considered as being sufficient to include a major portion 
of the root system. Root observations in the fall, subse­
quent to the termination of the experiment, supported this. 
To determine if the metal barrier affected the response of 
the plants, identical spacing, but without the barrier was 
included. Therefore, for one year, there was a total of 
eight treatments. 
Since it was suspected that lodging would affect the 
shape of the canopy and hence affect light distribution, it 
was decided that all treatments would be held erect one 
year (1963) and be permitted to naturally lodge the follow­
ing year (1964) with the same treatments at the identical 
locations. 
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Design of experiment 
In both 1963 and 1964, the design was a randomized 
complete block with 8 treatments and four replications (see 
Figure 1). The plot size varied with each spacing treatment 
since only six rows, each 12 feet long, were planted. Only 
the center two rows were harvested and analyzed for light 
distribution. Two rows of borders completely surrounded 
the experimental site. 
Measurements 
Light distribution The light sensing element, in­
troduced by Friend (33), consisted of a stack of 13 sheets 
of ozalid paper (Sepia Intermediate Ozalid no. 402 IT)^ 
each 5/8 x 5/8 inch in size. Upon exposure to light, this 
stack of paper bleaches to nearly white. When placed in 
ammonia vapor, different shades of brown-black color de­
velop. The number of papers bleached is a logarithmic func­
tion of the relative light intercepted. The number of papers 
bleached is compared with a standard calibration curve which 
is obtained by the use of different layers of filters, as 
described by Friend (33). The sheets of paper with zero, 
one, two, and three layers of this filter, when exposed to 
sunlight simultaneously, provide a calibration curve re-
Iproduced by General Aniline and Film Corporation, 
Ansco Division, 7400 Croname Road, Chicago 48, Illinois. 
Figure 1. Field plot layout of light interception and 
distribution study in 1963 and 1964; "W" indi­
cates treatments with metal barriers, *11/0" in­
dicates treatments without metal barriers. 
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lating logarithm of percent light with number of sheets of 
paper exposed. A calibration curve was calculated each 
time distribution observations were taken. 
It was found for Iowa that 13 sheets of ozalid paper 
were sufficient to provide an integrated value for the en­
tire day. These sheets were stapled together to make a 
booklet. The booklets were placed in a plastic-covered 
slot in a wooden tray as shown in Figure 2. The diameter 
of the slot was one inch; each slot was four inches apart 
from the center of another slot. The plastic cover used 
transmitted 90% of the radiation in the visible wave lengths. 
The trays were usually located at four different heights in 
the plant profile. When sufficient trays were available, 
five height levels were recorded. Thus, a vertical as 
well as a horizontal profile of light interception could be 
made. These trays were left in the canopy from sunrise to 
sunset on clear days at three growth stages and were offset 
within the canopy such that the shadow of one tray would not 
affect the paper exposure below. 
The ozalid paper had a selective light response with a 
peak response near 390-400 millimicrons and the response 
reduced to near zero at less than 360 millimicrons and at 
greater than 440 millimicrons.^ Therefore, with regard to 
^Response curves were calibrated by Dr. Richard 
Shibles, Agronomy Department, Iowa State University, 1963. 
Figure 2. Example of a paper tray used to observe light 
distribution in soybean communities. From top 
to bottom: tray cover; tray, top view; tray, 
bottom view showing circular slots for book­
lets; bottom cover. The small blocks of wood 
on the bottom cover were used to hold the 
booklets firmly against the plastic window. 
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photosynthetic response, the paper responds primarily in 
the blue portion of the action spectrum. 
Since the primary interest in this study was light 
distribution, measurements were made only on those treat­
ments with the barriers, assuming root competition between 
rows had been controlled. It was initially assumed, that 
for one height, the mean observations at four locations 
would represent the distribution of light received for a 
spacing treatment. Large variations among the four locations 
made it impractical to consider more observations. Natural 
wind movements tended to produce random leaf movement. As 
in many other micrometeorological measurements, time and 
cost often restrict replication of observations. 
Leaf area Bight plants from a foot of row were 
harvested at the following stages: stage 3, the stage at 
which five to six trifoliate leaves have unrolled, with one 
to five percent flowering; stage 5, the stage at which nine 
to ten trifoliate leaves have unrolled or, near the full 
bloom stage with a few withered flowers in the lower leaf 
axils; and stage 7, the stage at which pods are evident at 
the top of the plant, with the lower pods nearly full length 
with beans developing in them (55). Leaf area was deter­
mined in accordance with the "stratified clip method" of 
16 
Monsi and Saeki (72) for the same layer increment in which 
light measurements were made. The photoelectric planimeter 
was used to measure leaf area. 
Yield Total seed yield was hand harvested at 
maturity, machine threshed, oven-dried to constant moisture 
content (13%) and weighed. Yield per foot of row, seed 
weight per 100 seeds (seed size), and oven-dried weight of 
leaves and stems were also determined. 
I 
17 
STAGE 5 1963 
30-
i f )  
UJ 
X 
o 
0^ 
90 \37r2Q/ /4—\I2 
/ 
'20 >2J 88 
o V / o '•o,' 0 \ oy 
60 5 I 715 : 3 
o o / o 2 0 3 o 
10% 
% 
4 
6\t 58 
189 16.7 9 9 0.3 0.3 0.4 0.5 13.2 18.9 
WIDTH ( INCHES) 
Figure 3. Cross-section of percent light interception pat­
tern of a 36-inch spacing soybean community at 
stage 5 in 1963. Plants were staked to prevent 
lodging. 
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Figure 4. Cross-section of percent light interception pat­
tern of a 36-inch spacing soybean community at 
stage 5 in 1964. Plants were permitted to lodge 
slightly. 
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Figure 5. Cross-section of percent light interception pat-
tern of a 36-inch spacing soybean community at 
stage 7 in 1963. Plants were staked to prevent 
lodging. 
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Figure 6. Cross-section or percent light interception pat­
tern of a 36-inch spacing soybean community at 
stage 7 in 1964. Plants were permitted to lodge 
slightly. 
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RESULTS AND DISCUSSIW 
Distribution pattern 
To initially analyze the numerous light interception 
data, the individual booklets, after being converted to per­
cent of full sunlight interception were averaged at each 
location within the tray for the four sites at which these 
trays were placed. These averaged percent sunlight inter­
ception values were plotted diagramatically asshown in Fig­
ures 3 through 6. These are typical examples of the pattern 
at two growth stages for a particular treatment (36-inch 
spacing) in 1963 and 1964. The other treatments, 18, 24 and 
30-inch spacings showed a similar distribution pattern. Note 
that in both years, approximately 85-90% of the light was 
intercepted at the top and the periphery of the community 
canopy. The narrower spacing treatments, 18-inch and 24-
inch, showed less light penetrated into a deeper depth than 
the wider treatments, 30-inch and 36-inch spacing. When one 
considers that the space between rows closes faster with 
the narrower spacing than with the wider spacing treatments, 
this reduction in light with depth is not surprising. When 
the plants were held erect (no lodging) as in 1963, the 
depth of light penetration was less than it was in 1964 
when the plants were allowed to lodge naturally 
21b 
to a score^ between 1.0 to 1.8 (105). This suggested that 
the gradient of interception with depth was greater in 1963 
than in 1964. 
To determine whether the postulated exponential dis­
tribution was applicable through a soybean community, the 
percent intercepted light at an observed level was obtained 
by averaging the series of observations through the cross-
section i.e., after drawing the community profile, the ob­
servations which were included within the periphery of the 
canopy were averaged to obtain the percent light intercep­
tion at that level. Averaging these observations may be 
questioned. However, it will be shown in Part II of this 
thesis that net photosynthesis in a soybean community was 
approximately linearly related to light interception below 
4000-5000 foot-candles. If one assumes full sunlight in­
tensity at 10,000 foot-candles, the intercepted percentage 
of 40% to 50% could be averaged without large error. These 
averaged percent interception data were plotted relative to 
cumulative leaf area from top of the canopy on semi-logarith­
mic paper. Initial evaluation of the plotted data revealed 
that the postulated relationship was evident down to near 
5% interception, after which the observations departed from 
linearity. To resolve this departure from linearity, the 
^Lodging score; 1. all plants erect; 2. all plants lean­
ing slightly or a few down; 3. all plants leaning moderately, 
or 25% to 50% of plants down; 4. all plants leaning consider­
ably, or 50% to 80% of plants down; 5. almost all plants down. 
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•'critical leaf area index" concept was utilized. In 1958, 
Brougham (19) suggested the term "critical leaf area in­
dex", which he defined as the LAI at which 95% of the light 
is intercepted. He selected 95% because he rationalized 
that 5%, or approximately 500 foot-candles, was the com­
pensation point for many plants, assuming 10,000 foot-
candles as full sunlight (although Part II of this thesis 
reveals the compensation point may be higher in a plant com­
munity). The 5% level was considered the lower threshold 
for this study with the exception of two treatments, the 
18-inch spacing at stages 5 and 7 in 1963. These two ex­
ceptions included all data to obtain a sufficient sample 
size for analysis. All other treatments whose observations 
constituted less than 5% interception were eliminated. When 
these lower values were not considered in the calculations, 
the hypothesized distribution of light through a row-type 
canopy was applicable. The plotted data are shown in Fig­
ures 7 through 11. 
The slopes of the linear regression lines, or the ex­
tinction coefficients, are summarized in Table 1, which 
also includes the standard deviations of these coefficients 
and that portion of the variation of percent intercepted 
energy explained by leaf area (R^). It should be noted that 
these coefficients are considerably smaller than those men­
tioned in the literature review. This is explained by the 
Figure 7. Light distribution for four spacing levels in a 
soybean community at stage 3 in 1963 and 1964. 
Leaf area is accumulated from top of canopy 
to level of sunlight observation. 
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Figure 8. Light distribution for the 18-inch and 24-inch 
spacing treatments in a soybean community at 
stage 5 in 1963 and 1964. Leaf area is ac­
cumulated from top of canopy to level of sun­
light observation. 
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Figure 9. Light distribution for the 30-inch and the 36-
inch spacing treatments in a soybean community 
at stage 5 in 1963 and 1964. Leaf area is 
accumulated from top of canopy to level of 
sunlight observation. 
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Figure 10. Light distribution for the 18-inch and the 24-
inch spacing treatments in a soybean community 
at stage 7 in 1965 and 1964. Leaf area is ac­
cumulated from top of canopy to level of sun­
light observation. 
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Figure 11. Light distribution for the 30-inch and the 36-
inch spacing treatments in a soybean community 
at stage 7 in 1963 and 1964. Leaf area is 
accumulated from top of canopy to level of 
sunlight observation. 
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fact that leaf area in cm^ was utilized as the independent 
variable in this study rather than LAI, which is leaf area 
divided by land area. Either of these two could be used 
Table 1. Extinction coefficients (regression coefficients) 
standard deviations, r2, and F-values for four 
spacing treatments at three growth stages in 
1963 and 1964 
Growth Spacing Regression Standard 
stage (inches) Year coefficient deviation P 
(Sk) 
3 18 1963 -.0002078 .0000181 .929 131.422** 
3 24 1963 -.0001850 .0000175 .910 111.947** 
3 30 1963 -.0001810 .0000194 .916 87.259** 
3 36 1963 -.0001803 .0000166 .915 118.536** 
3 18 1964 -.0001765 .0000179 .889 96.400** 
3 24 1964 -.0002089 .0000159 .940 172.330** 
3 30 1964 -.0001948 .0000168 .911 133.865** 
3 36 1964 -.0001835 .0000172 .904 113.129** 
5 18 1963 -.0002970 .0000240 .944 153.106** 
5 24 1963 -.0002105 .0000267 .873 62.172** 
5 30 1963 -.0001860 .0000113 .971 269.955** 
5 36 1963 -.0001489 .0000151 .906 96.852** 
5 18 1964 -.0001205 .0000179 .819 45.153** 
5 24 1964 -.0001123 .0000154 .828 52.904** 
5 30 1964 -.0001195 .0000115 .908 108.352** 
5 36 1964 -.0000997 .0000042 .979 561.039** 
7 18 1963 -.0002396 .0000229 .924 109.873** 
7 24 1963 -.0002192 .0000192 .935 130.004** 
7 30 1963 -.0001924 .0000254 .877 57.171** 
7 36 1963 -.0001921 .0000292 .861 43.247** 
7 18 1964 -.0000839 .0000125 .802 44.683** 
7 24 1964 -.0000693 .0000196 .642 12.542** 
7 30 1964 -.0001467 .0000146 .910 101.349** 
7 36 1964 -.0000879 .0000135 .810 42.523** 
ick 
Significant at the 1% level of probability. 
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in establishing the distribution relationship. However, 
in this study, there were an equal number of plants per foot 
of row at different spacing levels. On an area basis, the 
spacing treatments would be difficult to compare since the 
plant population would also differ. 
While it has been reported by several (2, 40, 71, 72, 
85, 86, 88) that the exponential distribution is applicable 
in a complete crop cover, no previous data are available for 
an open-row crop. The data reported in this study actually 
involve both an open-row and a complete crop cover, the 
latter including the 18-inch spacing treatment after stage 
4 and the 24-inch spacing treatment after stage 5. Ini­
tially, it would appear that an exponential distribution for 
an open-row crop is surprising, since light interception is 
primarily at the periphery of the canopy. It should be 
noted, however, that the plant rows in this study were 
oriented north-south. This suggests that the movement of 
the sun during the day contributes to this distribution. 
Therefore, observations were taken between the plant rows at 
the same levels as indicated previously, at both stage 3 
and stage 5 for all spacings. These observations included 
the midpoint of both sides of a plant row and were in­
tegrated over the entire day. Figure 12 shows that the dis­
tribution of light with depth between the plant rows is a 
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Figure 12. Percent light distribution at different heights 
between plant rows (equivalent to height in 
plant canopy) for four spacings at stage 3 and 
stage 5. Lines were drawn by eye. 
36 
function of the community width, distance between rows, 
and height of the plants or in essence, plant morphology 
and row orientation assuming that these values were in­
tegrated over the entire day. For any specific hour how­
ever, the distribution would differ. 
From Figures 7 through 11 and Table 2, which summarizes 
the mean total leaf area for all treatments, one can obtain 
an estimate of the percent of"Effective" leaf area (see 
Table 3). This is defined as the percent of leaf area 
above an assumed compensation level. A value of 10% or 
approximately 1000 foot-candles was selected as the compen­
sation level. This value was based on the results of Part 
II of this thesis. At stage 3, for all treatments and in 
both years, 80-100% of the leaves were considered "effec­
tive". This large percentage was expected since open space 
between rows at this stage was still evident for all spacing 
treatments. At stage 5, however, this percentage decreased, 
with a range from roughly 25-65% of the total leaf area. The 
closer spacing appeared to possess relatively fewer "ef­
fective" leaves. At stage 7, the reverse was apparent i.e., 
the wider spacing treatments (30 and 36-inch) were less "ef­
fective" than the narrower spacings (18 and 24-inch) on a 
community level. The relatively low percentage for the wider 
spacing (30 and 36-inch) at stage 7 resulted from a larger 
leaf area with nearly the same light distribution with depth 
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Table 2. Mean total leaf area* for spacing treatments in 
1963 and 1964 
Spacing 
Year Stage 18 24 30 36 
1963 3 59 65 67 62 
1964 3 56 51 49 56 
1963 5 92 110 126 128 
1964 5 136 139 139 152 
1963 7 97 125 159 182 
1964 7 136 135 132 173 
Values in table are leaf area x lO^cm^, 
Table 3. Percentage of mean total leaf area intercepting 
90% of the incident light 
Spacing 
Year Stage 18 24 30 36 
1963 3 88 82 80 84 
1964 3 89 90 100 100 
1963 5 26 37 43 49 
1964 5 51 60 60 66 
1963 7 41 33 29 25 
1964 7 70^  70* 50 58* 
^Approximate values only, since 10% interception line 
was not intersected. 
38 
for all treatments. 
Significance of the extinction coefficient 
Results of the previous section suggest that the ex­
tinction coefficient provides an index of the distribution 
of light through the community profile. This index also 
provides a measure of the gradient of this distribution. 
To determine whether these coefficients differed, an analysis 
of variance involving a combined analysis of the four sets 
of equations, representing the four spacing treatments for 
each growth stage, was made according to the method de­
scribed by Williams (112). The same procedure was also out­
lined in a simple step-wise manner by Hillson (45). This 
analysis tested the null hypothesis that the extinction co­
efficients or the slopes of the transformed linear regres­
sion lines for a specific stage in Figures 7 through 11 were 
equal. This was done for three growth stages in two years 
(see Tables 4 and 5). To specify which coefficients dif­
fered from each other, Duncan's New Multiple Range Test 
(30) was selected. Two periods, stage 5 in 1963 and stage 
7 in 1964, revealed differences among the coefficients. The 
results of stage 7 (1964) were peculiar. As noted in Table 
1, the 30-inch spacing treatment possessed a larger negative 
coefficient than the remaining treatments at stage 7. This 
is difficult to explain but is probably due to this treat-
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Table 4. Analysis of variance comparing differences among 
regression (extinction) coefficients in four 
spacing treatments at three growth stages in 1963 
Source of variation D.F. S.S. M.S. F 
Stage 3 
Combined regression 1 10.0448 
Difference in regression 3 0.0339 0.0113 
Combined residual 40 0.9020 0.0225 
Total 44 10.9807 
Stage 5 
Combined regression 1 13.1400 
Difference in regression 3 2.5100 0.8366 22.920** 
Combined residual 36 1.3150 0.0365 
Total 40 16.9600 
Combined regression 
Difference in regression 
Combined residual 
Total 
Stage 7 
1 11.9803 
3 0.1019 0.0339 1 
33 1.1664 0.0353 
37 13.2486 
**Significant at the 1% level of probability. 
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Table 5. Analysis of variance comparing differences among 
regression (extinction) coefficients in four 
spacing treatments at three growth stages in 1964 
Source of variation D.F. S.S. M.S. P 
Stage 3 
Combined regression 
Difference in regression 
Combined residual 
Total 
1 
3 
48 
52 
Stage 5 
7.1941 
0.0262 
0.7275 
7.9478 
0.0087 
0.0151 
<1 
Combined regression 
Difference in regression 
Combined residual 
Total 
1 
3 
44 
48 
Stage 7 
7.3526 
0.0435 
1.0035 
8.3996 
0.0145 
0.0228 
<1 
Combined regression 
Difference in regression 
Combined residual 
Total 
1 
3 
38 
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2.9205 
0.1931 
0.7285 
3.8421 
0.0643 
0.0192 
3.349* 
*Significant at the 5% level of probability 
Table 6. Duncan's New Multiple Range Test for regression 
coefficients at stage 5, 1963, and stage 7, 1964 
Treatments 
Stage-year 18 24 30 36 
5-1963 -.000297* -.000210 -.000186 -.000148 
30 36 18 24 
7-1964 -.000147 -.000088 -.000084 -.000069 
®Any two treatments not underscored by the same line are 
significantly different from each other; those underscored by 
the same line are not significantly different from each other. 
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ment not lodging as expected. 
The coefficients in stage 5, 1963, were different from 
each other. However, these treatments were staked and held 
erect in contrast to those of 1964 when the plants were 
naturally, slightly lodged. It was noted that yellowing of 
leaves was prevalent in the 18-inch and the 24-inch spac-
ings. The leaf drop (number of dead leaves) was postulated 
to be related to the distribution of light. Therefore, a 
count of the leaf drop beginning with stage 3.5 was recorded 
and related to the coefficients at stage 5. Stage 5 was 
selected because stage 3 analysis showed essentially no co­
efficient differences among spacing treatments. In addition, 
the open space between rows for the 18-inch spacing was com­
pletely covered, beginning at stage 4,0. It was assumed 
that the distribution differed after this time. Table 7 re­
veals that the coefficients were inversely related to leaf 
drop i.e., the larger the coefficients (smaller negative 
numbers), the smaller the number of leaves dropped. With 
the narrower spacing, the lower leaves were not receiving 
sufficient light. In 1964, with naturally lodged plants, 
the relationship was not as obvious. 
Except for one period, stage 5, 1963, the coefficients 
differed little among spacing treatments. Larger differen­
ces appeared evident between years as the community structure, 
indicated previously, was not alike in 1963 and 1964. This 
42 
was noted in the slopes of Figures 9 through 11 at stages 
5 and 7. To test whether the coefficients differed between 
years, a "t" test was conducted for each spacing and at each 
stage, the results of which are presented in Table 8. In 
Table 7. Relationship between extinction coefficient at 
stage 5 and mean number of leaves dropped (dead 
leaves) per foot of row in 1963 and 1964 
Spacing (in.) Extinction coefficient Leaf dropa 
with barrier without 
1963 
18 -.297 X 10-3 40.5 45.0 
24 -.210 X 10-3 31.3 34.2 
30 -.186 X 10-3 22.5 25.0 
36 -.149 X 10-3 17.5 20.0 
1964 
18 -.120 X 10-3 23.5 
24 -.113 X  10 - j  23.2 
30 -.119 X  10 - j  21.0 
36 -.100 X 10-j 18.7 
®In 1963, this included from stage 3.5 to 6.0; in 1964, 
this included from stage 3.5 to 5.5. 
Table 8. "t" values for comparison of extinction coeffi­
cients between identical spacing treatments in 
1963 and 1964 at three growth stages 
Stage 
Spacing 
18 24 30 36 
3 1.176 1.111 0.400 0.370 
5 6.207** 3.448** 4.118** 5.714** 
7 6.038** 5.494** 1.428 3.448** 
**Significant at the 1% level of probability. 
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this study, it was assumed that the difference between years 
1963 and 1964 was a change in community structure resulting 
from physically holding the plants erect one year and al­
lowing them to naturally lodge the following year. This 
assumption may be questioned; however, the following reasons 
are believed sufficient to make a reasonable comparison be­
tween two years. The experimental area was irrigated suf­
ficiently in both years. Soil fertility was considered suf­
ficient. Available potassium and phosphorus content in the 
top 9 inches revealed 132-190 pounds potassium and 77-98 
pounds phosphorus in 1963, and 142-183 pounds of potassium 
and 60-88 pounds phosphorus in 1964. Soybeans do not re­
spond to nitrogen. Radiation totals for the growth stage 
increments were within 7% for the season with the greatest 
departure of 15% at stage 3-5, (Table 9). During stage 3-5, 
1963, the first five days (six to eight trifoliate and 5% 
flowering) experienced four days of maximum temperature 90°F 
or greater compared with two days in 1964. Therefore, it 
was conceivable that the plants were under greater stress 
in 1963 at this early stage. However, at this stage of pri­
marily vegetative leaf production, it is believed that the 
plants were able to recover rapidly. Mean maximum tempera­
ture for the period 3-5 in 1963 was 84.9°F; in 1964, it 
o 
was 84.5 F. Mean temperature, however, was slightly higher 
in 1964 (74.6°F) than in 1963 (74.0°F). 
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Table 9. Radiation totals for growth stage increments in 
1963 and 1964 
1963 1964 
Stages Langleys Date Langleys Date 
0-3 23,545 5/15-6/27 21,553 5/15-6/28 
3-5 7,635 6/28-7/11 6,468 6/29-7/11 
5-7 10,153 7/12-7/30 9,722 7/12-7/29 
7-10 14,768 7/31-9/3 14,678 7/30-9/2 
Total 56,101 52,421 
Three responses; seed yield, seed size, and seed number, 
were compared between years. The data were combined and 
analyzed with a split plot model assuming that the two years 
could be validly combined. The same treatments were lo­
cated on the same experimental unit in both years. This 
model permitted one to separate a portion of the sum of 
squares of the block x treatment interaction (error a) from 
the block x treatment x year interaction (error b). Tables 
10 through 12 reveal that the total yield was not different 
in the two years, but seed size and seed number differed 
between years. It is suggested that a large portion of this 
difference was contributed by the variation in the distribu­
tion of light in the community between years. Field visual 
observations supported this; unfortunately, data are not 
available to support this observation. The higher tempera­
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ture during the first five days of stage 3 is believed not 
to have affected the differential seed yield responses. 
Observations revealed that in 1963 many pods aborted 
and large portions of the lower part of the stem were either 
void of pods or had small, not fully developed pods; in 
1964, a larger number of pods were evident on the lower 
portion of the plants. 
Table 10. Analysis of variance of combined seed yield per 
foot of plant row for 1963 and 1964 
Source of variation D.P. M.S. F 
Block 3 25.7483 1.963 
Spacing (S) 3 4629.6320 353.051** 
Barrier (B) 1 19.8025 1.510 
B X  S 3 12.1929 <1 
Error (a) 21 13.1132 
Year (Y) 1 116.1006 2.260 
Y X  S 3 30.02 10 41 
Y X  B 1 20.9306 <1 
Y X  B X  S 3 31.7419 <1 
Error (b) 24 51.3730 
**Significant at the 1% level of probability. 
The significant effect of spacing per se on the seed 
yield of soybeans is a function primarily of the amount of 
surface area exposed to above compensation level light 
energy and secondarily to the distribution with depth in 
the canopy. In the closer spacings, the open space between 
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Table 11. Analysis of variance of combined seed size for 
1963 and 1964 
Source of variation D.F. M.S. F 
Block 3 0.1918 2.032 
Spacing (S) 
Barrier (B) 
3 0.9014 9.551** 
1 1.2376 13.113** 
6 X S 3 0.1381 1.479 
Error (a) 21 0.0944 
Year (Y) 1 116.3701 445.010** 
Y X S 3 0.7764 2.969 
Y X B 1 0.2889 1.103 
Y X B X S 3 0.0059 41 
Error (b) 24 0.2617 
**Significant at the 1% level of probability. 
Table 12. Analysis of variance of combined seed number per 
row foot data for 1963 and 1964 
Source of variation D.F. M.S. F 
Block 3 726.1822 1. 779 
Spacing (S) 3 169239.7300 414. 808** 
Barrier (B) 1 2487.5155 59. 962** 
S X B 3 551.9323 <1 
Error (a) 21 408.0436 
Year (Y) 1 27930.7650 16. 112** 
Y X S 3 1777.6405 <1 
Y X S X B 3 978.2239 <1 
Error (b) 24 1733.5405 
**Significant at the 1% level of probability. 
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rows closes earlier than in the wider spacings. The plant 
furface area exposed to above compensation level light 
energy decreases. Leaves reduce light penetration and, con­
sequently, the light gradient increases and the community 
loses some of its leaves at the lower nodes due to insuffi­
cient light. 
The significant soil barrier effect in both the seed 
size and seed number analyses indicates that factors were 
operating to produce differences between the barrier and 
non-barrier treatments. A discussion of this effect is in­
cluded in the following section. 
Effect of barrier and spacing on plant responses 
Table 13 presents a summary of some of the mean re­
sponses in 1963 and 1964. In both years, placement of metal 
barriers nine inches from both sides of the plant row on 
all spacing treatments did not appear to affect total yield 
(Table 14). Seed size (Table 15) in 1963, however, was af­
fected. This suggested that factors were operating to re­
duce the seed size. It was noted while observations were being 
recorded with the soil moisture neutron probe, that the 
moisture content of the barrier treatments was slightly 
lower than the control. This led to the comparison of these 
treatments for two spacings to show that the moisture limita­
tion resulting from the barriers possibly contributed to the 
seed size differences (Figure 13). Root observations after 
Table 13. Mean response of spacing and barrier study in 1963 and 1964 
Treatment 
Response Year 18W^ ISWO^ 24W 24W0 30W 30W0 36W 36W0 Mean 
Seed yield 
per foot 
(grams) 
1963 
1964 
48.1 
46.6 
45.8 
45.0 
60.2 
54.7 
56.9 
57.7 
74.3 
70.0 
77.5 
68.3 
88.8 
84.7 
82.2 
85.0 
66.7 
64.0 
Seed size 
(gm/100 
seeds) 
1963 
1964 
19.2 
16.0 
19.3 
16.0 
18.4 
15.8 
19.1 
16.1 
18.3 
16.2 
18.6 
16.2 
18.0 
15.7 
18.5 
16.0 
18.7 
16.0 
Seed no. 
per foot 
1963 
1964 
251 
291 
237 
281 
327 
347 
298 
360 
406 
433 
415 
421 
493 
539 
443 
532 
359 
400 
Leaf area 
stage 5 
(102cm2) 
1963 
1964 
93.0 
135.5 
101.5 
132.0 
110.5 
139.0 
117.2 
141.7 
126.2 
139.2 
130.7 
147.5 
128.2 
151.5 
143.2 
144.7 
118.8 
141.4 
Leaf area 
stage 7 
(lO^cm^) 
1963 
1964 
96.7 
134.5 
100.0 
130.5 
118.7 
126.0 
127.5 
129.0 
159.0 
132.5 
145.5 
154.0 
183.0 
173.5 
170.0 
156.7 
137.8 
142.1 
^W-with barrier. 
^0-without barrier. 
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Table 14. Analysis of variance of final seed yield per 
foot of plant row in 1963 and 1964 
Source of variation D.F. M.S. 
1963 
Block 
Spacing (S) 
Lack of fit 
Barrier (B) 
S X B 
Error 
3 
3 
1 
3 
21 
35.8245 41 
2384.8227 47.368** 
1 7074.2700 140.599** 
1 7.7028 <1 
1 72.4955 1.440 
40.7253 <1 
33.8447 <1 
50.3471 
1964 
Block 
Spacing (S) I Lack of fit 
Barrier (B) 
S X B 
Error 
3 
3 
1 
3 
21 
5.8678 <1 
2274.8302 118.473 
1 6769.1030 352.535** 
1 55.3878 2.885 
1 0.0001 <1 
0.0078 <1 
10.0903 <1 
19.2013 
**Significant at the 1% level of probability. 
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Table 15. Analysis of variance of seed size (weight/lOO 
seeds) in 1963 and 1964 
Source of variation D.F. M.S. 
1963 
Block 
Spacing (S) 
% 
Lack of fit 
Barrier (B) 
S X B 
Error 
3 0.6317 5.171** 
3 1.4608 11.960** 
1 4. 2250 34.590** 
1 0. 1512 1.238 
1 0. 0063 <1 
1 1.3612 11.145** 
3 0.0854 <1 
21 0.1221 
1964 
Block 
Spacing (S) 
Barrier (B) 
S X B 
Error 
3 
3 
1 
3 
21 
0.4395 
0.2169 
0.1653 
0.0586 
0.1457 
3.017 
1.489 
1.135 
<1 
**Significant at the 1% level of probability. 
plant maturity revealed that much of the roots were confined 
near the boundary of the barriers, suggesting that lateral 
root growth may have been restricted. These barriers were 
inserted after a 3-inch wide trench was excavated. There­
fore, it was possible that these roots, located within the 
replaced soil were competing for moisture in a zone which 
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plant maturity revealed that much of the roots were con­
fined near the boundary of the barriers, suggesting that 
lateral root growth may have been restricted. These 
barriers were inserted after a 3-inch wide trench was ex­
cavated. Therefore, it was possible that these roots, 
located within the replaced soil were competing for 
moisture in a zone which contained less moisture than that 
of the treatments without barriers. The reduced seed size 
was in accord with the findings of Laing (65). It was 
concluded that in 1963, placement of barriers resulted in 
underground competition between plants within a row, al­
though between row competition may have been reduced. In 
1964, the seed size remained the same in both treatments 
with and without barriers. The barriers were left in the 
soil until the following year and this probably contributed 
to settling of the soil and return to near normal bulk 
density. If the seed size was smaller, it should be reason­
able to assume that the number of seeds was greater in the 
non-barrier (control) treatments. The analysis of variance 
of the seed number, however, did not show significance, 
although results were near the 10% level of probability 
(Table 16). The large variation no doubt contributed to 
the non-significance. 
It is interesting to note that the difference in soil 
moisture between the barrier and control treatments was 
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Table 16. Analysis of variance of seed number per row foot 
in 1963 and 1964 
Source of variation D.F. M.S. 
1963 
Block 
Spacing (S) 
Barrier (B) 
S X B 
Error 
Block 
Spacing (S) 
Barrier (B) 
S X B 
Error 
3 
3 
1 
3 
21 
3 
3 
1 
3 
21 
1948.6145 
79734.4400 
3549.0310 
1269.4478 
1326.4795 
1964 
1.469 
60.110** 
2.675 
<1 
383.2500 <1 
91302.5760 109.56** 
120.1249 <1 
260.7083 <1 
833.3466 
**Significant at the 1% level of probability. 
greater in the widest spacing (36-inch), than in the closest 
spacing (18-inch). Similar results were found with seed 
size and seed number comparisons. For example, the barriers 
reduced seed size by 1% in the 18-inch spacing and 2.7% in 
the 36-inch spacing treatment; seed number was reduced by 
6% in the 18-inch and 10.2% in the 36-inch spacing treatments. 
The significant linear effect of spacing on seed yield 
and seed size in Tables 14 and 15 indicates that under the 
conditions of this study, these responses were linearly re­
lated to spacing between rows with the same number of plants 
per foot of row. Larger seed size was associated with 
54 
narrower row spacing in 1963, but not in 1964. This larger 
seed size resulted from a larger percent of pod abortions 
in the erect plants of 1963. A larger number of pod abor­
tions is usually associated with larger seed size, which re­
sults from a greater amount of carbohydrate distributed into 
a fewer number of pods. 
The results of this portion of the study revealed that 
in 1963, underground competition within rows contributed to 
differentiating seed size in the treatments with and without 
barriers. It is suggested that for spacings wider than 18 
inches, underground competition between rows is negligible. 
Spacings without barriers were less affected by competition 
within the row than those treatments with barriers. 
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SUMMARY AND CONCLUSIONS 
Part I was a study to determine the pattern of light 
energy distribution in a soybean community. It was found 
that interception of light occurs primarily at the periphery 
of the community. When the space between rows closed, or 
when it was nearly closed, interception was mostly at the 
top of the community. Very little light penetrated with 
depth. At an early stage, e.g., stage 3, 80-100 percent of 
the leaves were "effective" i.e., these are the leaves that 
intercept light intensity above 1000 foot-candles, the as­
sumed compensation level for a soybean community. With age, 
this "effective" leaf area decreased; the degree of decrease 
depending upon the morphology of the community. 
It was shown that the distribution of light through a 
soybean community could be described by the extinction coef­
ficient or the slope of the regression of the logarithm of 
percent light interception on cumulative leaf area above the 
point of light measurement. This coefficient was shown to be 
related to the number of leaves dropped with four spacing 
treatments prior to stage 6.0. The smaller the coefficient 
(larger negative number), the larger the leaf drop. The 
distribution of light through the profile of a soybean com­
munity probably had a smaller effect on seed yield than the 
total surface (or leaf) area exposed to sunlight above a 
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certain threshold. However, it was suggested that other re­
sponses, e.g., seed size and number of seeds was affected 
by this distribution. This implied that a certain degree of 
lodging was beneficial by exposing more leaf area to sunlight. 
However, an excessively lodged or an excessively rigid 
(staked) community (as in 1963) can lead to detrimental ef­
fects. Light penetration through the profile was decreased 
more in 1963 than in 1964. In 1963, the four spacing treat­
ments, 18, 24, 30, and 36-inch, possessed different extinc­
tion coefficients. In 1964, however, these differences were 
not evident. Under natural conditions, it is probable that 
the conditions of 1964 more nearly prevail i.e., some degree 
of lodging normally occurs in the field. The coefficients 
change with age, but basically, the community morphology 
changes. Since a certain degree of uncertainty exists with 
regard to the validity of comparing the plant responses of 
1963 and 1964, it is suggested that further work be done to 
investigate the relationship between the various lodging 
scores, including one which is rigidly held as in this study, 
and seed yield responses. It appears that a certain degree 
of lodging is beneficial. 
Placement of metal barriers to reduce underground com­
petition reduced the seed size of the plants although total 
seed yield was not affected. It was suggested that a degree 
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of water stress in those treatments with the barriers con­
tributed to this differential response in 1963. In 1964, 
differences were not revealed partly because the barriers 
were left in the soil over the winter, thus contributing to 
greater soil homogeneity between treatments. 
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PART II. APPARENT PHOTOSYNTHESIS FROM INITIAL 
FLOWERING STAGE 
59 
REVIEW OF LITERATURE 
Apparent photosynthesis 
It is now well known that different species respond 
differently to light and also require different amounts for 
light saturation, assuming a normal carbon dioxide content 
of 0.03%. Single leaf studies of Bohning and Buraside (16), 
for example, showed that saturation of 2500 foot-candles^ 
The foot-candle is defined as illumination from a 
light source of one candle at a distance of one foot or one 
lumen per square foot. A lumen refers to the amount of 
light energy (visible light flux). Illumination refers 
only to light as perceived by the human eye. This is dis­
tinguished from irradiance or radiant flux, which by defini­
tion refexs to the electromagnetic spectrum from cosmic to 
radio waves. Radiant flux (energy/unit time) is measured 
in cal min"l watts or erg sec-1. In meteorology, radiant 
flux density is normally used, in which case a unit area 
is specified, as for example, cal cm"^ min"^ or watts 
iaeter~2. One gram-cal cm~2 min"! is equivalent to a 
"langley". In the case of foot-candles, which are measured 
with an illuminometer, wave lengths of 400 to 700 milli­
microns are observed, while in meteorology, radiant flux 
density is generally measured with a pyranometer and in­
cludes wave lengths from about 300 to 2500 millimicrons. 
Since the foot-candle and langley differ in their wave 
lengths, conversion from one unit to the other can only be 
approximated. Average approximate conversion factors are 
6700 foot-candles = one langley on a clear day and 7000 
foot-candles = one langley on a cloudy day. 
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for soybeans. Verduin and Loomis (107) concluded that a 
fully exposed maize leaf saturated in the neighborhood of 
2500 foot-candles or 25% of full sunlight. They further 
suggested that this amount may be obtained on the ground 
for well-grown maize and asserted that midday light inten­
sities with full sun are adequate for all leaves of the 
plant. However, it should be remarked that ground intercep­
tion also depends upon plant density. With more sophisti­
cated equipment, Hesketh and Musgrave (44) reported that a 
corn leaf was able to increase photosynthesis even up to 
full sunlight, i.e., a light saturation level was not appar­
ent with adequate light and moisture at normal carbon dioxide 
content. Moss et (74) also suggested that no saturation 
level was reached with a corn leaf when water was not limit­
ing. El Sharkaway e;t al. (31) found a dicotyledoneous 
species of Amaranthus (pigweed) with a photosynthetic curve 
similar to corn. With some vegetable crops, Gaastra (36) 
found that at normal carbon dioxide content and at two tem­
peratures, 20° and 30°C, carbon dioxide uptake increased only 
very slightly above 10x10^ erg sec"^ cm"^ (approximately 
3000 foot-candles) for sugar beets, turnips, spinach, and 
cucumber. 
The classic work of Heinicke and Childers (41) has shown 
that the light saturation level often found in individual 
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leaves cannot be extended to the entire plant or plant com­
munity. They found that a single leaf saturated at about 
one-third of full sunlight, while the entire apple tree 
saturated near 8000 foot-candles. Thomas and Hill (101) 
found that a community of alfalfa saturated at approximately 
50% of full sunlight in Utah. Alexander and McCloud (1) re­
ported a leaf of a pasture sward saturated at 2500-3000 foot-
candles; however, a pasture community increased assimila­
tion up to 7000 foot-candles, the highest intensity in the 
study. In a corn community. Baker and Musgrave (5) fitted 
a quadratic equation relating net photosynthesis and inci­
dent radiation to field data. 
Surprisingly, few studies have been reported on the 
differential response of the photosynthetic capacity with 
age. Saeki (87) measured net photosynthesis of leaves of 
Oelosia cristata at various heights in the canopy. The actu­
al photosynthetic rate increased with height, the young leaves 
at the top having the greatest activity. Following these 
findings, he suggested that "for estimating total photo­
synthesis of a dense community, it is reasonable and, also 
convenient, to adopt the light photosynthesis curve obtained 
in an upper leaf with high activity..." (87, p. 72). Takeda and 
I 
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Murata (98) found the light requirement for maximum photo­
synthesis in rice was relatively low initially, then gradu­
ally increased until about the full tiller stage when prac­
tically all incident light was absorbed. In Acer (maple) 
and Quercus (oak) species, Richardson (83) found, that in 
general, maximum assimilation level and saturation light in­
tensity increased with physiological age of plant material 
up to full leaf expansion and then decreased during senes­
cence. Ormrod (80) reported from Phaseolus vulgaris (snap­
beans) grown in pots that, within the period from 10 to 60 
days after germination, carbon dioxide assimilation rate in­
creased to a maximum on about the 30th day, the period of 
maximum vegetative growth and then decreased at the onset of 
fruiting. In addition, the compensation point increased 
with age. 
Respiration observations reported by Gaastra (35), 
show that the total respiration of field bean pods was almost 
as high as that of the leaves, stalks and roots of the same 
crop. In this connection, he reported, that at Rothamsted, 
daily net photosynthesis of a reproductive bean plant was 
much lower than that of a vegetative plant, which he at­
tributed primarily to increased respiration rate and much 
less to decreased rate of gross photosynthesis. 
Assuming water ia non-limiting, the influence of tem­
perature on the photosynthetic rate for a specific species 
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depends on whether light or carbon dioxide is limiting. 
Under low light intensity, carbon dioxide uptake does not 
increase appreciably with increased temperature. With in­
creasing light intensity and carbon dioxide limiting, the 
photosynthetic rate increases with increasing temperature to 
an optimum, after which it may decrease. Ketellaper (58), 
in discussing temperature effects on stomatal closure re­
ported that between 10-25^C, temperature has little effect 
on stomatal closure. At higher temperatures, 30-35®C, tem­
perature has a closing effect, the so-called midday closure. 
At this time, the level of carbon dioxide in the intercellu­
lar spaces rises with increasing temperature, probably due 
to increased respiration. 
The temperature range at optimum carbon dioxide uptake 
also depends on the species. At temperatures as high as 
38®C, Ormrod (80) found that net photosynthesis of Phaseolus 
vulgaris was not markedly affected but at low temperatures 
under light intensities less than 3000 foot-candles, uptake 
was affected. In his study, temperature ranged from 4° to 
38®C and light intensity ranged from zero to 12,000 foot-
candles. In vegetable crops, Gaastra (36) reported that at 
saturating light intensities of 3000 foot-candles and normal 
carbon dioxide (330 ppm), photosynthesis was almost inde­
pendent of leaf temperatures of 20° and 30®C. Murata and 
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lyama (77) concluded from data with soybeans that no sub­
stantial relationship was observed between photosynthesis 
in the range from 25® to 31°C. 
002 concentration in natural air 
The carbon dioxide concentration in the air near the 
ground depends on several factors. Among them are wind 
velocity, terrain features, which influence turbulence, 
height above ground, extent of vegetative surface and time 
of day. Verduin and Loomis (107) and Chapman et al. (21) 
studied the diurnal fluctuation of the carbon dioxide con­
centration over a corn field. They concluded that the day­
time content decreased and this decrease was noted up to a 
height of 152 meters. However, the difference in concentra­
tion between these two levels depended upon wind velocity. 
With a wind of 5 miles per hour, the content at one meter 
above ground was nearly the same as at 152 meters; but, on 
calm days, differences of 0.02% were observed. Verduin and 
Loomis (107) found that a value of 0.03% or 0.594 milligram 
of carbon dioxide per liter at sea level and corrected to 
0°C was seldom attained. Large fluctuations were found, al­
though these fluctuations were less striking from hour to 
hour then from day to day. They reported erratic fluctua­
tions, particularly during and after a rainstorm, when the 
carbon dioxide content dropped to a low value during the 
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storm and rose to normal after a few hours. Chapman et al. 
(21) observed that the concentration increased during the 
latter part of the growing season in the absence of import­
ant amounts of photosynthesis. In New York, Heinicke and 
Hoffman (42) found the concentration lower in the afternoon 
than in the morning, with values as high as 0.81 mgm per 
liter to as low as 0.35 mgm per liter. 
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METHODS AND MATERIALS 
Photosynthesis chamber 
The type of field chamber used to measure apparent 
photosynthesisin naturally growing vegetation is governed 
by several conditions under which the investigation is being 
conducted. Such factors as physical size of the sample 
plant community, the source of carbon dioxide, chamber tem­
perature, power supply, portability and ruggedness are all 
factors to be considered. One must also consider the scope 
of the experiment. More important, it is desirable to ob­
tain minimum disturbance of the plants so that the environ­
ment within the chamber is as natural as possible. The 
greenhouse effect of the enclosed material may raise air tem­
perature to lethal levels unless precautions are taken to re­
duce this temperature. This involves a cooling system, which 
in turn affects the size of the chamber. Air movement within 
the chamber should also be considered. This involves moving 
the air at a sufficient speed such that other physiological 
responses, as for example stomatal closure, are not affected 
and yet not so slow as to induce excessive heat accumulation 
and stagnation of air in certain portions of the chamber. 
In his review, Gaastra (36) points out many hazards involved 
in chamber research and suggests certain precautions neces­
sary to avoid erroneous conclusions. 
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The size of the chamber used in this study was deter­
mined with the above considerations. The chamber width was 
dictated by the decision to plant 30-inch row spacing. 
The chamber height allowed approximately two feet of space 
above the plant canopy at maturity. 
The frame of the chamber was made from one-inch (out­
side diameter) galvanized electrical conduit. The base of 
the chamber frame was made from 2x2 inch water-sealed 
lumber. (Figures 14A and 14B). Since it was desired to 
make this chamber portable, a grooved wooden base made 
from water-sealed lumber was partly buried in the soil 
around the plants selected for sampling. This wooden base, 
shown in Figure 14B, was constructed so that the two-inch 
portion of the chamber frame (Figure 14A) fitted tightly 
into the identical sized grooves around the base. The 
portion of ground covered by the wooden base was covered 
with polyethylene plastic film and taped around each plant 
to prevent soil carbon dioxide leakage. The additional 
precaution was taken to create a slight positive pressure 
within the chamber when measurements were being made. 
Two cylindrical extensions, two inches long and four 
inches in diameter were attached by a collar to the chamber 
frame as shown in the diagram (Figure 14A). These two open­
ings served as connections for the flexible vinyl duct to and 
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60" 
Figure 14. Sketch of the component parts of the photosyn­
thesis chamber showing (A), the conduit top 
frame and (B), the wooden base inserted in the 
ground surrounding the sampling plants. 
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from the air conditioner. These four-inch, internal dia­
meter ducts, the top one being 15 feet and the bottom being 
5 feet long, were fixed so that they could be easily and 
quickly attached or detached from the chamber with the use 
of foot-locker latches. 
The frame was covered with 3-mil mylar^ polyester film, 
which transmitted 85% of the radiation in the wavelengths 
from 0.4 to 2.0 microns. The film was glued and later taped 
along the metal frame to insure non-leakage. 
The chamber was sufficiently small to handle and move 
easily. It was also cooled rapidly with a 10,000 BTU air 
conditioner during the initial portion of this study and 
later by a 6000 BTU air conditioner when mechanical failure 
incapacitated the larger one. Figure 15 shows the chamber 
and air conditioner set up for measurements in the field. 
Sampling system 
The carbon dioxide monitoring system was a closed sys­
tem as shown in Figure 16. The equipment was designed so 
that the concentration in the chamber was always kept near 
0.03%, a value considered "normal" based on periodic sampling 
during the course of this study. Whenever the concentration 
fell below 0.03%, a microswitch activated the solenoid (Fig­
ures 16 and 17), thus releasing carbon dioxide into the cham­
ber until the concentration indicated this threshold value, 
^Produced by Dupont de Nemours and Company, Wilmington 
98, Delaware. 
Figure 15. Plant chamber and air conditioner unit shown 
in field soybeans. 
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Figure 16. Schematic diagram of the carbon dioxide monitor­
ing system. 
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Figure 17. Wiring diagram for the cam and solenoid of the 
carbon dioxide monitoring system. 
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at which time the carbon dioxide valve was closed. The vol­
ume of carbon dioxide, as indicated by the wet-test meter, 
was corrected for pressure and temperature. These latter 
two parameters were measured concurrently with the gas analy­
sis. Since the response time as the gas was released and de­
tected was approximately one minute, there was a tendency to 
slightly "overshoot" the threshold concentration. With 
practice, it was possible to adjust the needle valve of the 
gas cylinder so that only a minute amount was released at 
nearly the rate used by the plants. However, even this pro­
cedure could not be perfected and could have contributed to 
some variation in the data. It was not known at the begin­
ning whether the natural air carbon dioxide concentration 
would stabilize during the daylight hours as was indicated 
by periodic sampling (see section on natural air). This sug­
gested that natural air might have been incorporated in the 
system rather than pure carbon dioxide. Despite this un­
certainty, the recordings indicate that fluctuations were 
0.030% t 0.005%. This fluctuation is believed not to con­
tribute any gross errors in the data. 
The air in the chamber was cooled by an air conditioner. 
Air was continuously sampled from a point at the air condi­
tioner outlet line with a vacuum pump, regulated with a 
needle valve and monitored with the U-tube manometer such 
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that approximately 50-60 liters per hour of gas were sampled 
by the gas analyzer. The carbon dioxide was released five 
inches downwind from this point. All connections between 
equipment were made with tygon tubing. Since moisture was 
suspected to affect the response of the gas analyzer, the 
air samples were passed through two 30 centimeters tall dry­
ing towers, each half-filled with a drying agent, magnesium 
perchlorate. The drying towers were changed daily. This 
procedure was taken as a precaution although Koller and 
Samishi (61) found negligible change in the analyzer between 
0.5 to 0.15 grams/liter of moisture in the air sample. 
The (X)2 analyzer was a model 15A Beckman Infra-Red 
type. One of its two tubes was continuously flushed with 
nitrogen, an inert reference gas, while the other tube was 
flushed with the gas sample to be analyzed (see Figure 16). 
The attenuation of the infra-red energy at one end of the 
tube was proportional to the cbncentration of the sample gas. 
The output of the detector was amplified and recorded with a 
Leeds and Northrup recorder, which had a scale range from 0 
to 100 on a one millivolt full scale response. The scale 
was calibrated with a known concentration of carbon dioxide 
(see Figure 18). The cam shown in Figure 17 was secured at 
the servo pen drive such that the solenoid was in the "off*' 
position whenever the recorder read between 65 and 100 per-
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Figure 18. Calibration curve for Leeds and Northrup 
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percent carbon dioxide. 
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cent of full scale and in the "on" position when the recorder 
read below 65 percent of full scale or 0.03% COg in the de­
tector cell. 
The wet-test meter was a Scientific Instrument type 
which could measure a change of 0.001 cubic foot. This in­
crement was found to be sufficient for the growth stages 
and the community size sampled. 
To rapidly mix the carbon dioxide gas with the remain­
der of the air in the chamber, a small 10-inch fan was placed 
at the bottom of the chamber as suggested by Slatyer.^ This 
helped mix the carbon dioxide rapidly and reduce the time 
when the air concentration was greater than 0.03%. Spot 
measurements within the chambers with plants were made with 
a hot-wire anemometer and wind velocity indicated 4-5 feet 
per second. This was considered the natural wind velocity 
and was comparable with periodic measurements outside the 
chamber. In addition, vegetation wave movement within the 
chamber appeared similar to that of the outside. The chamber 
contained 22 plants. 
Measurements 
Chamber carbon dioxide Measurements of carbon di­
oxide fixation were made as often as was possible during 
days with clear skies. Occasionally, observations had to 
be terminated because of cloud cover or equipment breakdown. 
ISlatyer, R. 0., Ames, Iowa. CO2 field chamber. Pri­
vate communication. June, 1964. 
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The volume of carbon dioxide was corrected for temperature 
and pressure and expressed in terms of milligrams carbon 
dioxide per square decimeter of ground area as follows. 
From the Handbook of Chemistry and Physics, 39th edition 
(46), the coefficient of thermal expansion for CD2, 0.003723 
per unit volume per degree centigrade from 0 to 100°C at 
760 millimeter of pressure was obtained. 
The weight per unit volume in mgm/ml or g/l = 
(Pl)(Vi) 
(44)(P2) 
" (29.92)(Vi) 
where: Pg = actual pressure in inches 
= corrected volume for temperature 
= (0.003723) (22.4) (T) 
and T = actual temperature in °C 
22.4 = volume (liters) of gas at 0®C 
44 = molecular weight of CO2 
The ground area covered by the base of the chamber was 
2 55.56 dm . The air pressure used to correct the data was re­
corded on a microbarograph located about one mile from the 
experimental site within a building. Gas line temperature 
as well as air temperature inside and outside the chamber 
was periodically recorded using a shielded thermocouple and 
a Honeywell recorder. 
The carbon dioxide uptake was observed throughout the 
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growing season beginning with stage 4 (55), the flowering 
stage and continued until the "green bean" stage (stage 9). 
The field plot on which observations were made was changed 
three times during the course of this study, primarily be­
cause this experiment was conducted in connection with Part 
III of this thesis. In addition, frequent observations on 
the same plot would have disturbed the natural shape of 
the plant community and its environment because this involved 
removing the chamber each day the observations were completed. 
The change of the natural canopy would presumably affect 
light interception and this in turn would affect carbon 
dioxide uptake. Observations, when performed in connection 
with Part III of this thesis involved moving the air condi­
tioner and equipment periodically, and cooling and feeding 
carbon dioxide into the transfered chamber for a period of 
10-15 minutes before "stabilization" was reached. This was 
followed with a 15-minute observation of carbon dioxide up­
take within the chamber. Therefore, one observation in­
cluding moving and resetting the equipment in a new chamber 
required approximately 30-35 minutes. 
The base of the chamber together with the polyethylene 
cover was inserted at least a week before actual chamber 
measurements were made so that the plant canopy was able to 
resume its natural shape. When irrigation was necessary. 
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plants within the chamber were irrigated with a hose. The 
plant community was irrigated three times in July, but no 
irrigation was necessary in August. Precautions were taken 
not to disturb the surrounding plants whenever the chambers 
were set and removed. 
Light Observations with the Weston light meter 
(Model 756) were made concurrently with carbon dioxide 
sampling. This meter was used because it was accessible. 
Although the transmission of a clear mylar film showed a 
transmission of 85% in the visible portion of the spectrum, 
this value was expected to be less in the field because of 
moisture condensation and dust particles present in the air. 
Therefore, periodic light meter observations were made in­
side and outside the chamber to obtain a correction factor 
for radiation received by the plants. The mean value of 4-5 
observations during clear skies conditions only was used in 
Figure 19 to show the pattern of interception within the 
chamber in relation to time. The gradual decrease after 
11:00 AM resulted from an accumulation of moisture and dust 
particles at the top of the chamber. In addition, the con­
struction at the top portion of the chamber including the 
three conduits (Figure 14) contributed to the midday decrease 
noted in Figure 19. 
The question of whether a single observation within the 
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chamber is sufficient may arise. It was shown in Part I of 
this thesis that light is principally intercepted near the 
periphery of the soybean community. In addition, approxi­
mately 65-70% of the leaf area intercepted 95% of the light. 
At stage 4, (initial flowering) of this study, leaves of 
the canopy of a 30-inch row spacing barely covered the space 
between the rows. However, at stage 5, the flowering and 
pod-formation stage, the space between rows was completely 
covered. Very little light penetrated with depth. There­
fore, it was believed that a single observation at the top 
of the plant canopy was justified. 
Air temperature Air temperature was periodically 
monitored in the chamber as well as outside with a shielded 
thermocouple and recorded on a 16-point Honeywell recorder. 
These aluminum radiation shields were placed six inches from 
the top of the plant community. 
Relative turgidity and effective assimilation ratio 
The relative turgidity of a leaf as defined by Weatherley 
(111) is as follows : 
_ , .. „ . ... _(Field Weight)-(Oven-dried Weight) .qq 
Relative Turgidity -(jurgid Weight)-(Oven-dried Weight) 
This value is actually the weight of water of a leaf in the 
field to the weight of water contained in the same leaf when 
fully turgid. The turgid weight was obtained by floating 
the sample on a distilled water bath in a covered petri dish 
82 
i.e., in a saturated atmosphere and under constant room tem­
perature of 25°C with a light intensity of SO foot-candles 
(6). The sample was floated in a dish for not less than 
three hours after which the leaf was rapidly, but lightly 
blotted with filter papers and weighed. The field weight 
of the leaf was the weight of the leaf immediately after it 
was sampled from the field. A sealed plastic vial was used 
to transport the samples from the field to the laboratory. 
2 Three leaf disks each 15.6 cm in area were obtained 
from each of three separate trifoliate leaves located at a 
fully exposed top portion of the plant. These samples were 
obtained to measure relative turgidity and monitor irrigation 
need. These disks were also used to establish an index of 
daily increment of dry matter, from the morning (9:00 AM) 
to the afternoon (3:00 PM). The afternoon disks were sam­
pled from the same trifoliate leaf, but from a different 
leaflet, since only one disk could be taken from any one 
leaflet. Attempt was made to sample at approximately the 
same location in each leaflet at all times. Four replica­
tions, consisting of three disks from each of three leaflets, 
were obtained. Since the disks were of constant area (3 x 
15.6 cm ), it was possible to use this information and relate 
it to radiation interception. Slatyer and Mcllroy (95) 
cautioned the use of measuring change of dry weights only. 
This procedure was subject to error due to loss of photo-
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synthate by either respiration or translocation and to chagge 
in leaf area. To reduce this error, a qualitative index of 
photosynthetic activity utilizing the ratio of the oven-
dried weight to the water weight of a fully turgid leaf was 
suggested by Slatyer and Mcllroy (95). This index is the 
dry weight/turgid weight ratio. Disk samples were obtained 
during the morning and the afternoon. Since different leaf­
lets were sampled from the same trifoliate leaf at these 
two times, the difference of their ratios rather than their 
absolute weights were determined and related to the total 
solar radiation interception during the interval of the 
sampling time. The difference between these two ratios was 
referred to as the "effective assimilation ratio". 
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RESULTS AND DISCUSSION 
Air carbon dioxide 
Several diurnal observations of the carbon dioxide con­
tent of the air at the top of the canopy were made. How­
ever, only four, which were considered representative, are 
shown in Figures 20 and 21. One outstanding characteristic 
which determines the carbon dioxide concentration at any 
time is wind velocity. This parameter is in turn associated 
with the aerodynamic properties of the lower layer of the 
atmosphere. The wind factor is evident in all four examples, 
but the more prominent example is shown in Figure 21, 1-2 
August 1964 at 8:00 PM. Note the sudden decrease of carbon 
dioxide resulting from a change from a calm condition to a 
frontal passage (storm) and increase of wind velocity to 
15-20 mph, showing very small variation with time. The ex­
ample of 7 June is a typical clear day with calm wind up to 
10:00 AM and a slight increase thereafter until sunset. On 
30 June, winds were stronger after sunrise, thus producing 
a larger concentration drop, presumably a combination of 
mixing or turbulent action and plant utilization of carbon 
dioxide with increase in light. This phenomenon might ex­
plain why Verduin and Loomis (107) found what they considered 
as erratic fluctuations during and after a storm. 
It is interesting to note a gradual increase of daytime 
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carbon dioxide concentration with the growing season. If 
the mean of the concentration between 10:00 AM and 4:00 
PM was determined, it would be found for example that on 
7 June, a mean of 0.03% was evident. This concentration 
increased to 0.033% by the first of August and up to 0.35% 
by August 22-23. Similar results were reported by Chapman 
et |d. (21). 
The diurnal fluctuation observed at intervals through­
out the growing season support the contention that a con­
centration of 0.03% carbon dioxide during daylight hours 
can be considered "normal" under Iowa climatic conditions. 
Net photosynthesis 
The data on carbon dioxide assimilation (net photosyn­
thesis) were initially plotted against time and diurnal 
radiation. This procedure, as shown in the examples of 
Figure 22, was followed to determine the shape of the diurnal 
net photosynthesis curve relative to radiation interception. 
The midday plateau of carbon dioxide uptake suggested that 
a saturation level was evident in soybean communities. Sub­
sequently, net photosynthesis was related to horizontal 
light intensity received at the top of the plant community 
within the chamber. Figures 23 through 25 are examples of 
the results of these data on selected dates throughout the 
growing season. 
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The data were fitted with two models, a quadratic for 
the curvilinear portion and a linear with zero slope there­
after. The linear portion was initially tested for the 
hypothesis that the slope of the selected observations was 
zero. If zero, it was assumed that Y = y. The intersection 
of the lines from these two models was considered the satura­
tion level. The quadratic equations shown in Figures 23 
through 25 refer to that portion below the saturation point. 
The quadratic and the linear models were tested with several 
combinations i.e., the data were tested with the models to 
include observations on either side of the apparent satura­
tion level. The equation providing the "best fit*' was se­
lected. The "best fit" model yielded the equation with the 
minimum mean square for the residual term in the analysis 
of variance. In many cases, the test of the coefficients 
of the quadratic model revealed that the linear term was 
statistically significant whereas the quadratic failed to be 
significant. This implied that the linear term contributed 
a major portion of the variation of the regression of net 
photosynthesis on light intensity and suggested that net 
photosynthesis could be linearly related to light intercep­
tion. However, the quadratic model was retained because (i) 
minimum mean squares for error was obtained in most of the 
equations with a quadratic rather than a linear model; (ii) 
biologically, the law of minimum suggests a curvilinear re­
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sponse rather than a linear and (iii) previous reports on 
the relationship of light intensity and net photosynthesis 
show a curvilinear response (1, 5, 14, 16, 36, 41, 63, 77, 
87, 101). 
2 1 A cubic model, Y = a + bX + cX was also tested, but 
this model did not explain any more of the variation of net 
carbon dioxide uptake on light. Inspection of the log 
transformation for the model log Y = a + bX did not appear 
suitable. A test of the model Y = a + b(log X) + c(log X)^ 
was also no better than the original quadratic model. 
Two types of information were extracted from these cal­
culated curves: (i) the saturation level and (ii) net car­
bon dioxide uptake at saturation. When these two were 
plotted and related to time (date), the curves of Figure 26 
were obtained. With the available data, it was found that 
the saturation level for the interval observed in the study 
decreased from approximately 6000-6400 foot-candles at stage 
4.3 (flowering) to about 5500 foot-candles at pod formation. 
This level appeared to maintain itself until a period slightly 
after growth stage 8.3 then dropped rapidly to near 4000 
foot-candles at stage 9. Maximum net photosynthesis at 
saturation followed a similar pattern (Figure 26B). At 
stage 4.3, net carbon dioxide uptake was near 18 milligrams 
per square decimeter ground area per 15 minutes. This amount 
reduced to near 16 milligrams at pod formation and dropped 
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further to near 10 milligrams after stage 9 or the ••green 
bean" stage. These kinds of data generally agreed with 
those of Ormrod (80), who found for a given light intensity, 
maximum carbon dioxide uptake per hour decreased at the on­
set of flowering and fruiting including the period from 30 
days to 50 days after emergence. During the same period, 
leaf area increased to a maximum at 40 days after emergence 
and dropped abruptly thereafter to 50 days. Evidence in­
dicated by Ormrod (80), Gaastra (35) and Takeda and Murata 
(98) suggest that respiration during these fruiting periods 
can be "considerable", Thomas and Hill (101), in field 
wheat plots, found that the net assimilation of the plants 
before the boot stage was considerable. Net assimilation 
remained approximately constant until the milk stage, after 
which it decreased with ripening. It has also been shown by 
Howell (51) that the soybean plant utilizes an enormous 
amount of energy (and consequently higher respiration during 
pod and bean formation), roughly 17% and about 12% of the 
total energy stored and used by the plants to produce oil 
and protein respectively, whereas for corn, these are about 
6%. In view of the above reports, the results of this study 
appeared reasonable. 
When leaf area index (LAI) was plotted on the same 
graph (Figure 26B), it was shown that net photosynthesis de­
creased slightly even though there was a large increase in 
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leaf area. This can be interpreted to mean that the maxi­
mum effective leaf area for the community was attained at an 
early stage, in this study, at stage 4. 
An interesting observation concerning Figures 23 and 
24 is the light intensity at compensation i.e., where net 
photosynthesis is zero. If one assumed that this curve 
could be projected to zero net photosynthesis, a value near 
1000-1500 foot-candles can be estimated for July and early 
August. This is considerably higher than the compensation 
point of 100-150 foot-candles for a single soybean leaf re­
ported by Bohning and Burnside (16). Ormrod (80) reported 
a compensation point as high as 3000 foot-candles for a soy­
bean community grown in pots located in a growth chamber. 
The value obtained in this study, 1000-1500 was projected 
from limited data. However, Table 17 shows a series of ob­
servations on August 9, which may support the high compensa­
tion point for a community. These observations show that 
the carbon dioxide concentration in the chamber (higher than 
"normal»' (X)2 because of respiration) started to decrease 
after 7:00 AM, at which time light intensity read 1400 foot-
candles. A sudden appearance of clouds obscured the sun 
about 7:19 AM, after which the concentration started to fall. 
The light intensity at 7:20 AM was 1000 foot-candles. 
In spite of the predominance of a plateau-type curve 
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Table 17. Sample observations of carbon dioxide assimila 
tion on August 9, 1964 to show suspected com­
pensation level in a soybean community 
Lif jht intensity Time Chamber concentration 
(J foot-candles; (CST) (percent COg) 
1400 7:00AM .045 
7:05 .043 
7:10 .041 
7:15 .039 
1000 7:20 .038 
7:25 .039 
7:30 .041 
for net photosynthesis and light intensity, it was observed 
after a period of continuous overcast (usually a day or two) 
that carbon dioxide assimilation apparently increased with 
increasing light intensity when observations were made the 
subsequent day. These observations are not in sufficient 
number to adequately analyze and make any sort of conclusion. 
However, a similar situation was simulated in connection 
with Part III of this thesis and limited data are presented 
to suggest that the shape of the curve may change with a 
prolonged period of low light intensity. 
Caution must be taken when interpreting net photosyn­
thesis data observed with alternating sky conditions. For 
example, it was observed that when a dark cloud moved over 
the field, as on July 20th (the edge of a thunderstorm ob­
scured the sun), the infra-red analyzer detected an increase 
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in carbon dioxide within the chamber almost immediately, 
indicating that the plants ceased to utilize the gas in the 
air. When the sun became visible 10 minutes later, the gas 
uptake was considerably slower than the reverse process. 
This phenomenon was also reported by Evans (32) in work with 
corn and lead to a lower rate of net photosynthesis than 
if conditions had been continuously sunny. Kuiper (62) found 
that when light intensity was suddenly reduced from 6000 
foot-candles to 1200 foot-candles, an immediate, rapid 
closing of the stomata of a bean leaf from 5.5 microns to 
2.0 microns was detected. However, when light intensity was 
increased from 1200 foot-candles to 6000 foot-candles, it 
took approximately 30 minutes for the stomata to reach 5.5 
microns. 
Another danger in field data studies under variable 
cloud conditions is the possibility of obtaining higher than 
normal apparent photosynthesis levels (101). This is possi­
ble in terras of the energy reaching the vegetative surface 
for a particular time. Meteorologists have noted that under 
partly cloudy sky conditions (less than 0.5 cloud cover), the 
amount of energy received on the surface of the earth at a 
specific location may exceed that for a clear day because 
of multiple energy reflection from the clouds. 
Chamber temperature 
Table 18 represents a summary of some of the temperature 
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Table 18. Comparison of chamber and outside air tempera­
ture on selected dates 
Date/time Temperature Date/time Temperature 
(GST) Chamber Outside (ckr) Chamber Outside 
17 July 10 August 
8:00 AM 75°F 75°F 8:45 AM 78°? 74 
9:00 80 82 10:45 84 81 
11:05 80 89 12:45 PM 89 89 
1:00 PM 85 93 2:55 87 87 
4:00 84 93 4:45 
6:45 
86 
79 
86 
82 
18 July 
79 78 
12 August 
7:00 AM 6:45 AM 71 63 
8:00 80 80 11:00 79 63 
10:00 80 89 1:00 PM 70 62 
12:00 86 92 20 August 
2:00 PM 87 94 10:15 AM 91 86 
4:00 85 95 2:15 PM 90 85 
6:00 85 95 
71 66 
24 August 
6 :45 AM 75 62 
3:30 PM 82 86 8:45 73 66 
%% 10:30 85 73 80 82 12:30 PM 
1:30 
75 
74 
77 
77 
8 August 26 August 
9:00 AM 84 61 7:00 AM 75 61 
12:00 84 79 11:45 88 72 
3:45 PM 86 83 1:45 PM 90 72 
4:55 83 80 4:45 88 72 
5:55 77 77 6:45 62 59 
10 August 
70 70 6:45 AM 
observations inside and outside the chamber. It can be seen 
that the observations were near the range reported by Murata 
and lyama (77). They found that in the range from 25°C to 
31°C, air temperature was not substantially related to 
photosynthesis. Ormrod (80) also found that photosynthesis 
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was not markedly affected by temperature as high as 38°C. 
In this study, outside temperature was generally higher than 
the inside in July which meant that the 10,000 BTU air con­
ditioner was satisfactorily cooling the chamber. In August, 
however, when the 6000 BTU air conditioner was used, the 
chamber temperature was as much as 18°F higher than the out­
side. Fortunately, the temperatures in mid and late August 
were abnormally cool, in the 60*s and 70*s. 
Although the chamber temperature was considered "con­
trolled", the fluxuating temperatures may have affected 
respiration, which was not measured. Ketellapper (58), re­
ported that temperature between 10-25°C has little effect 
on stomatal closure. At higher temperatures, however, be­
tween 30-35°C, it has a closing effect, probably due to in­
creasing level of carbon dioxide in the intercellular spaces 
associated with increased respiration. Respiration measure­
ments, particularly during daytime, bear further investiga­
tion. 
Relative humidity, although not measured in the chamber, 
was high. Two observations support this. First, relative 
turgidity observations within the chamber in another study^ 
revealed that the turgidity remained exceptionally high, 
^Laing, Douglas, Ames, Iowa. Data from water stress-
photosynthesis study. Private communication. August, 1964. 
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above 89% even at peak radiation level with plants which 
were previously water stressed for a week. This suggested 
that transpiration was providing a sufficient amount of 
moisture within the chamber. Secondly, a considerable amount 
of minute water droplets was observed, particularly at the 
top of the chamber, indicating that the vapor pressure defi­
cit was near zero, if not zero. 
Relative turgiditv and effective assimilation ratio 
The relative turgidity observations reflected the need 
for irrigation in July (Figure 27). Although the criterion 
of 83 t 2% relative turgidity for three consecutive days 
was met only once, it was necessary to irrigate on July 20 
because the soil showed signs of physical cracking, which 
indicated a reduction in soil moisture in spite of relative 
turgidities of 86%. The relative turgidity may also be low, 
even with abundant soil moisture. For example, on July 20, 
the field was irrigated to field capacity. On July 22, how­
ever, the relative turgidity dropped to 83% on a day con­
sidered as a high atmospheric demand day (65). On July 23, 
a comparatively cooler day, relative turgidity rose to 86%. 
This was followed by 82% on another high demand day on July 
24. Therefore, it would seem appropriate that irrigation 
requirement should be monitored not only with the relative 
turgidity technique, but also with soil moisture sampling. 
The relationship of the intercepted radiation from 9:00 
102 
96r 
94 
^ 92 
>-
I-
§ 9 0  
a: 
D 
> 88 
_i 
UJ 
a: 
86 
84-
82 
\ 
z 
o 
< 
Ç2 
0: 
cr 
9 ? 
iWl Y 
o 
I 
I I 
I  I  
I  I  
II 
I I  
z 
o 
< 
Ç2 
a: 
oc 
o 
1 
± 
o 
i \  
KI \  
'•é \ 
H 
I 
I 
% 
I I  
I \ 
I I 
11 I 
oo OO—O I 
1 
04 
JULY 
12 20 28 
DATE 
01 
AUG 
09 17 25 
Figure 27. Relative turgidity observations of the top ex­
posed and fully expanded leaf of soybean plants 
in July and August 1964. 
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AM to 3:00 PM with the effective assimilation ratio (Fig­
ure 28) reveals a similar type of curve to the net photo­
synthesis versus light intensity curve discussed previously. 
As indicated by Slatyer and Mcllroy (95), this dry weight/ 
turgid weight ratio provided a useful picture of the photo-
synthetic activity. Precautions must be taken when inter­
preting the curve since data on translocation are necessary 
to quantitatively interpret the curve. To reduce this 
source of error, only the data for the period at which 
growth rate was the same were utilized. This included the 
dates from July 16 through August 13. Dry matter accumula­
tion for growth stages during this period was linear (39). 
Dry weight of leaf disks (Figure 34, of Part III of this 
thesis) also showed that accumulation was essentially linear 
for the included dates. 
It was not possible to obtain data beyond 380 langleys 
since even on clear days,the increment radiation between 
9:00 AM and 3:00 PM was not greater than this amount. It 
was interesting to note that the curve suggests a 'leveling 
off" in the vicinity from 250 to 350 langleys per day. If 
one considered the actual mean maximum radiation of 550 
langleys for the period concerned, 250 to 350 langleys repre­
sent approximately 45-64% of the total energy or about 4500-
6400 foot-candles assuming a 10,000 foot-candles full sun­
light day. This value agreed with the chamber net photo-
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synthesis observations mentioned previously. It was evident 
that large variation persisted near 350-375 langleys sug­
gesting that other factors were operating to produce this 
variation or that this variation was simply one of sampling 
technique. These variations may have been real, particular­
ly when a sunny day followed a cloudy overcast or rainy day 
and larger ratios were obtained. Although this argument is 
based on analysis of a few observations, further evidence 
that this may be the case is shown in Figures 34 and 35 
in Part III of this thesis. These figures show a tendency 
for a more rapid growth rate following a prolonged period 
of reduced sunlight. 
Sampling may also have contributed to this variation. 
It is difficult to sample the "same" leaf on another leaflet 
from the same trifoliate leaf. A total leaf area of 46.8 
cm^ may not have been sufficient to reduce this variation. 
Nevertheless, the data does indicate that leaf disks offer 
possibilities in radiation and photosynthetic activity 
studies. 
Those ratios less than zero were observed on cloudy 
overcast days. This loss of weight indicated that respira­
tion and/or translocation proceeded at a faster rate than 
could be maintained by the dry weight increment from photo­
synthesis. 
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SUMMARY AND CONCLUSIONS 
Net photosynthesis observations in a field soybean com­
munity revealed the saturation level is considerably higher 
than the 2500 foot-candles reported for a single leaf by 
Bohning and Burnside (16). In this study it was found that 
saturation level fell from 6000-6400 foot-candles at flower 
initiation (stage 4) to near 5500 foot-candles at pod forma­
tion. This level was maintained until near stage 8.3, 
after which the saturation level decreased rapidly. The 
level of net photosynthesis at saturation level also showed 
a similar pattern. It was suggested that the decrease in 
apparent photosynthesis resulted from a coincident increase 
in respiration rate with approaching maturity. 
The leaf area data indicated that net photosynthesis 
decreased slightly even though leaf area increased from 
stage 4 to stage 6. 
Projection of limited data showed that the compensation 
point is also higher than that for a single leaf as found by 
Bohning and Burnside (16). In this study, the compensation 
point of a field community was in the vicinity of 1000-1500 
foot-candles when light intensity was horizontally measured 
at the top of the plant community. 
The effective assimilation ratio, which utilized the 
dry weight/turgid weight ratio provided a useful tool in 
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assaying photosynthetic activity. However, information con­
cerning translocation is needed to accurately relate the 
relationship of this ratio to radiation interception. It 
is encouraging, however, to note that the net photosynthesis 
curves obtained in the chambers and the daily difference in 
dry weight/turgid weight ratios were similar. These dry 
weight/turgid weight data support the results found in Part 
I where it was shown that light energy is intercepted prin­
cipally at the top periphery of the canopy with a complete 
crop cover. Net photosynthesis data and the net assimila­
tion ratio measurements showed that saturation level found 
in a soybean community were a reflection of photosynthesis 
by the top leaves. 
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PART III. SHADING AT SELECTED GROWTH STAGES 
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REVIEW OF LITERATURE 
When scientists learned that only a small amount of 
the sun*s energy was used in the photosynthetic process, a 
great deal of interest was focused on growing plants in the 
shade. Early work in the field produced what appeared to be 
a contradiction in results. However, it has become apparent 
that for some plants, e.g., shade plants, that increased 
sunlight could be detrimental; for others, e.g., sun plants, 
full sunlight could be beneficial. For example, Shantz 
(91) showed that the fresh weight of potatoes, lettuce, and 
radish increased with decreasing light intensity from 50% 
to 15% of full sunlight. Zillich (114) reported optimum 
intensity for fresh weight was 50% to 70% of daylight for 
most of the plants he studied. The classic work of Garner 
and Allard (38) showed that seed production and dry weights 
of the top of soybean plants were reduced when grown under 
shade. In general, for field crops, dry weight was reduced 
by shading (38, 56, 82, 92). Leaf area increased, but leaves 
were thinner (69, 82, 91, 92, 114). Kamel (56) reported 
that barley spike and awn development were delayed and shad­
ing prolonged the vegetative period. Shading was also un­
favorable for seed production. 
A substantial number of the shading experiments have 
been concerned with physiological responses when shading was 
imposed, usually for the entire growth period. The occurrence 
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of reduced sunlight at critical growth stages is of practi­
cal interest in crop production. Yamada and Horiuchi (113) 
found a substantial number of soybean pods were lost at 
the start of seed development. Greer^ in 1963, shaded field 
soybeans with a double layer of cheesecloth for a period of 
12 days during the pod initiation stage and on another plot 
shaded them for a period of 10 days during the pod filling 
stage. Seed yield reduction was obtained at both of these 
periods. Kan and Oshima (57) reported 60% reduction in 
soybean yield when sunlight was reduced 50%, although shad­
ing was imposed through more than one growth stage. 
Information on oil and protein content associated with 
shading at specific stages is limited. Howell and Cartter 
(52, 53) reported in a greenhouse study that temperature 
was a critical factor in oil content, particularly during a 
period of three weeks beginning shortly after seed develop­
ment. Oil content increased with higher temperature in the 
range from 70°F to 85®F. A high oil content has usually 
been found to be associated with a low protein content (20, 
50). 
Greer, H., Department of Agronomy, Iowa State University, 
Ames, Iowa. Data from shading study. Private communica­
tion. 1964. 
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METHODS AND MATERIALS 
Treatments 
Treatments consisted of two degrees of shading and one 
control. The degrees included 50% and 30% of the control 
(0% shade) sunlight as determined by a Weston Illuminometer. 
These reductions were based upon responses obtained in pre­
vious reports in the literature. All experimental units 
were planted in 30-inch row spacing at a rate of 8 plants per 
foot when thinned. Each experimental unit consisted of seven 
rows each 14 feet long. Only the center five rows were 
harvested for response data, however. 
The shading treatments were imposed at three specific 
stages; 4, 6, and 8 (55). These stages were chosen because 
they primarily included the periods of flowering, pod forma­
tion, and pod filling respectively. Therefore, growth stage 
was considered another factor in the analysis. It was postu­
lated that the more critical periods with respect to radiant 
energy occurred during these periods. Aronoff (3) reported 
that translocation proceeded primarily to the pods after 
pod formation, rather than to other organs of the plants. 
Belikov (8) also found that leaves primarily translocated to 
the local nodes after pod formation. Prior to flowering, 
translocation proceeded to the stem and root and to the top 
young leaves. 
This study was designed to answer several specific 
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questions: (i) to what extent do responses differ for the 
shading treatments imposed? (ii) do the responses differ 
when treatments are imposed at different growth stages? 
(iii) in what manner does the community operate to produce 
the differential responses? It is important to determine 
these differential responses if the effects of solar radia­
tion on plant communities are to be adequately assessed. 
Since reduced sunlight is associated with cloudy and 
possibly rainy conditions, the soil was kept relatively high 
in moisture. This meant that the relative turgidity of the 
top leaves did not fall below 83% t 2% (65) for more than 
three consecutive days. If the turgidity fell below this 
threshold; the plots were irrigated. Therefore, one could 
reasonably assume that moisture was not a critical factor 
in this experiment. 
Design of experiment 
The design of this experiment was a randomized block 
design with six replications in a factorial arrangement. Two 
factors, degree of shading with three levels (70%, 50%, and 
0%) and growth stages with three levels (stage 4, 6, and 8) 
were analyzed. These two factors were considered fixed. 
Equal interest was given to these two factors in addition to 
their possible interaction. Thus, there were a total of 54 
experimental units (see Figure 29). 
Figure 29. Plot layout for the "shading at selected growth 
stages" study. 
1 70% shade at stage 4 
2 50% shade at stage 4 
3 0% shade at stage 4 
4 70% shade at stage 6 
5 50% shade at stage 6 
6 0% shade at stage 6 
7 70% shade at stage 8 
8 50% shade at stage 8 
9 0% shade at stage 8 . 
114 
1*10' 74'-
3 2 7 
1 8 6 
9 5 4 
3 1 2 
4 6 9 
5 7 8 
7 2 6 
3 4 5 
8 9 1 
8 
1^ 22.5-
8 
TT 
14' 
52 
? 
8 
115 
Shade construction 
The shades were constructed with "2x4" lumber such that 
the frame adequately covered the entire experimental unit. 
This required constructing the shades about one foot larger 
on each side of the experimental unit. The frame at the 
top and at the east and west end was covered with a chicken 
wire screen which supported the cheesecloth. Two layers of 
cheesecloth reduced sunlight by 50% over the entire day while 
a surplus camouflage burlap netting plus two layers of cheese­
cloth reduced sunlight by 70%. The north and south sides of 
the frame were covered with only two layers of cheesecloth 
in all treatments (see Figure 30), The height of the shades 
was five feet. 
Measurements 
Net photosynthesis Carbon dioxide fixation was 
periodically observed on the treatments after the shades were 
removed to determine whether a saturation level found in the 
control plants of Part II of this thesis would also be evi­
dent in previously shaded plants. Carbon dioxide concentra­
tion of the air under the shades was not measured. It is 
believed that except for isolated calm days, the concentra­
tion outside and under the shades was not different because 
of the normal daytime wind conditions that prevailed during 
the summer. 
Figure 30, Shades shown over some of the plots in field 
soybeans. 
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Solar radiation To compare the plant response re­
sulting from reduced sunlight at three different growth 
stages, it was necessary to monitor solar radiation total 
during the shading time such that the total energy during 
each shading period was equal. Equal energy amount rather 
than calendar days provided a more realistic appraisal of 
assuring equal shading treatment at all stages. It was con­
ceivable that the number of days when shading treatments were 
imposed during the three growth stages could have differed 
depending on the sky conditions. For the first period (stage 
4), shades were left on the plots for a period of 6 days or 
3500 langleys. This energy amount required 10 days for the 
stage 6 shading treatment and 10 days for the third (stage 8) 
period. 
Solar radiation was measured one and one-half mile NNW 
of the experimental site on top of the Agronomy Building. 
Plant responses 
Leaf area One of the primary organs of the plant 
affected by shading is the leaf, the predominant center of 
photosynthetic activity. Therefore, leaf area, as determined 
with a photoelectric planimeter, was determined at the be­
ginning of the following growth stages; 5, 7, and 9. Leaf 
area was measured to determine the manner in which it was af­
fected by shading at various growth stages. Leaf area was 
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converted to the conventional leaf area index (leaf area/ 
land area) for convenience. 
Oven-dry weight The ratio of the leaf to stem weight 
provides information on the distribution of the assimilates 
under reduced sunlight condition, particularly with regard 
to the period when the plants are most affected by shading. 
Monitoring this ratio also provides information as to manner 
in which the plant community is able to recover from such 
shading. 
Seed yield and chemical composition The matured and 
field dried plants were hand harvested, machine threshed, and 
dried to constant weight of approximately 13% moisture. Seed 
yield (bushels per acre% seed weight per 100 seeds (seed 
size), and percent oil and protein contents were analyzed. 
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RESULTS AND DISCUSSION 
Tables 19 and 20 represent the analysis of variance 
for the response of seed yield and protein content at maturi­
ty. As noted, the hypothesis of equal means for the three 
levels of shading was rejected. Consequently, Duncan*s New 
Multiple Range Test (30) was performed on the means of each 
treatment, the results of which are shown in Table 21. 
These means can be clearly observed when plotted graphically 
(see Figure 31). It is evident from Figure 31A that with the 
exception of the control yield at stage 8, the pod filling 
and pod forming stage, both the 70% and the 50% level of 
shading reduced yield significantly. Seed yields were re­
duced 16% and 15% for the 70% and 50% shades respectively at 
stage 4, 16% and 14% for the 70% and 50% shades respectively 
at stage 6 and 10% and 2% for the 70% and 50% shades re­
spectively at stage 8. Theoretically, all control yields 
should have been equal; however, the lower yield on the con­
trol plots for shades imposed at stage 8 may have been caused 
by a wind storm on August 29th. On this day, two of the shade 
constructions were blown onto the plots, partially damaging 
several plants. No statistical difference was noted between 
the 70% and the 50% shading treatments at all stages. 
Although the interaction term in seed yield was non­
significant, this does not mean that physiological effects 
of shading were not operating differently at the three 
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Table 19. Analysis of variance for seed yield with three 
levels of shade (70%, 50%, 0%) imposed at growth 
stages 4, 6, and 8 
Source of variation D.F. M.S. F 
Blocks 5 37.4954 3.897** 
Light (L) 2 175.3035 18.222** 
Stage (S) 2 5.4501 <1 
L X S 4 14.9235 1.551 
Error 40 9.6204 
**Significant at 1% level of probability. 
Table 20. Analysis of variance for percent protein content 
of seeds with three levels of shade (70%, 50%, 
0%) imposed at growth stages 4, 5, and 8 
Source of variation D.F. M.S. F 
Blocks 5 0. 7028 2. 192 
Light (L) 2 3. 5501 11, ,071** 
Stage (S) 2 0. 7696 2. 400 
L X S 4 0. 2163 <1 
Error 40 0. 3206 
**Significant at 1% level of probability. 
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Table 21. Duncan's New Multiple Range Test for seed yield 
and protein content 
a. Mean seed yield (bushels/acre) 
Treatment 
70-8* 70-6 70-4 50-4 50-6 50-8 0-8 0-6 0-4 
35.55b 36.37 36.53 37.22 39.75 39.20 39.80 43.25 43.70 
b. Percent protein 
Treatment 
0-6 0-4 0-8 50-6 50-8 70-6 70-8 50-4 70-4 
39.43 39.47 39.50 39.57 40.07 40.15 40.32 40.33 40.58 
®The first number of a treatment represents the degree 
of shading; the second number represents the growth stage 
when shading was imposed. 
^Any two treatments underscored by the same line are 
not significantly different from one another. 
selected growth stages. This matter is discussed further 
later. 
Protein content was generally inversely related to 
light intensity at all growth stages (Figure 31B), although 
significant difference was not evident between the two lower 
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Figure 31 Relationship between percent shade imposed at 
three growth stages and seed yield (A) and 
percent protein (B). 
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levels of shading at each stage (Table 21). It should be 
noted that shading at stage 6 appeared to produce the least 
effect on protein content, while the stage 4 (flowering) 
shading produced the largest effect. However, not all means 
for shading treatment between stages were statistically dif­
ferent from one another. Trends were indicated, but large 
variability in soybeans may have obscured the real effect. 
Seed size and oil content were also plotted (Figure 32). 
Seedsize analysis also revealed that the differences among 
the treatments were highly significant. These included the 
effects of shades (light), growth stages, and their interac­
tion (see Table 22). Consequently, the treatment means were 
plotted to visually determine the manner in which the inter­
action term operated. Inspection of Figure 32A disclosed 
that shades imposed at stage 4, the flowering stage, had 
little effect on seed size, whereas shades imposed at stage 
6 and 8 were markedly different from the control. A two-way 
table, as suggested by Steel and Torrie (96), was constructed 
and analyzed for shade comparisons with the control (see 
Table 23). As indicated by Steel and Torrie (96) this is 
essentially a Isd test and was performed after inspection 
of Figure 32A showed the nature of the large differences at­
tributable to treatments. Except for the 50% shades at 
stage 6, all other comparisons with the control at stage 6 
and 8 were statistically significant. The 50% shade was nearly 
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Figure 32. Relationship between percent shade at three 
growth stages and seed size (A) and percent 
oil (B). 
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Table 22. Analysis of variance for seed size (weight per 
100 seeds) with three levels of shade (70%, 50%, 
0%) imposed at growth stages 4, 6, and 8 
Source ot variation D.F. M.S. F 
Blocks 5 0.3560 2.323 
Light (L) 2 3.2050 20.920** 
Stage (S) 2 2.0100 13.120** 
L X S 4 0.7370 4.811** 
Error 40 0.1532 
**Significant at 1% level of probability. 
Table 23. Two-way table and treatment comparison of seed 
size totals at three levels of growth stage and 
shade 
Light 
Lo L5O L70 
Stage S4 103.0 102.8 103.3 
S6 103.2 106.5 110.2 
S8 102.2 106.8 110.1 
Treatment comparison M.S. F 
L jq within S4 0.0050 <1 
L50 within S4 0.0020 < 1  
L70 within s^ 2.7220 17.768** 
LgQ within S5 0.6050 3.949 
L70 within sg 3.4670 22.631** 
LgQ within Sg 1.1750 7.669** 
L7O-5O within S4 0.0050 <1 
L70-50 within s^ 0.7700 5.026* 
L70-5O within Sg 0.6050 3.949 
* Significant at 5% level of probability. 
**Significant at 1% level of probability. 
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significant at the 5% level. 
The oil content appeared to respond in a complex manner 
at the three growth stages (Figure 32B). An inverse relation 
ship with light is usually expected; however, as reported by 
Howell (50) and Cartter and Hartwig (20), this may not al­
ways be the case. Table 24 shows that shade differences 
among treatments as well as interaction were significant. 
The significant interaction indicated that oil content re­
sponded in a different manner to shading at the three growth 
stages. 
Table 24. Analysis of variance for percent oil content of 
seeds with three levels of shades imposed at 
growth stages 4, 6, and 8 
Source of variation D.F. M.S. F 
Blocks 5 0. 1856 1. ,923 
Light (L) 2 0. 5301 5. ,492** 
Stage (S) 2 0. 1512 1. ,567 
L X S 4 0. 7776 8. 056** 
Error 40 0. 0965 
**Significant at 1% level of probability. 
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Inspection of Figure 32B revealed that marked oil per­
cent differences were obtained when shades were imposed at 
stage 4, the flowering stage, and apparently not at all for 
stages 6 and 8. Maximum temperature during the period im­
mediately following stage 4 was cooler in the shades, ranging 
from 3° to 5°F cooler than the control. Howell and Cartter 
(52, 53) showed that the oil content was critically affected 
by temperature, particularly during the period three weeks 
following seed development. It was noted from meteorological 
data that the mean temperature for the latter two stages was 
considerably lower than that at stage 4, Mean air tempera­
ture in the control during the period when shading was im­
posed at stage 4 was 79.4®F. For stage 6, mean temperature 
was 73.6°F. It was 66.9°F at stage 8. Since some uncer­
tainty exists with regard to the temperature effects on oil 
content in this study, no further attempt will be made to ex­
plain this response. 
The four responses previously discussed are of practi­
cal interest. However, it should be of further importance 
to elucidate the manner in which these responses were af­
fected by shading. The literature (69, 82, 91, 92, 114) in­
dicated that leaf area increased with shading for a particu­
lar plant. However under the conditions of this study, leaf 
area in a community was reduced as a result of leaf drop. 
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This was evident in Table 25, which shows the analysis of 
variance for four sampling periods. As noted in the table, 
the first number in each period represents the stage when 
shade was imposed. The second number represents the stage 
when eight plants were harvested for leaf area and not neces­
sarily the stage when shades were removed. It was indicated 
previously that all control plots received a total of 3500 
langleys. In the shaded plots, this represented 6, 10, and 
10 days of shading at stages 4, 6, and 8 respectively. Dun­
can's New Multiple Range test (Table 26) suggests that leaf 
drop induced by shading at the flowering stage (period 4-5) 
was most effective with 70% shading. The 50% shading treat­
ment was not significantly different from the control and 
70% shade, although it averaged lower than the control. At 
stage 4, the ground space between the rows was almost com­
pletely covered. Considerable yellowing of the lower leaves 
in the community was noted in the shaded treatments. In ad­
dition, the leaves were thinner as shown by periodic leaf-
disk samples (to be discussed later). When the same treat­
ments were sampled approximately two weeks later (period 4-7) 
(see Table 25, b) differences among treatments were nil. 
This suggested two subsequent effects: (i) the plants which 
lost their leaves under the shades used their energy to pro­
duce new leaves, and (ii) the control plants lost a few of 
their leaves because of mutual shading. Visual observation 
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Table 25. Analysis of variance of leaf area index for 
shading treatments imposed at selected growth 
stages 
Source of variation D.P. M.S. 
Blocks 
Light 
Error 
Blocks 
Light 
Error 
Blocks 
Light 
Error 
Blocks 
Light 
Error 
a. Period 4-5* 
5 1.3515 2.158 
2 3.4550 5.517* 
10 0.6262 
b. Period 4-7 
5 2.8493 3.783* 
2 1.3102 1.740 
10 0.7531 
c. Period 6-7 
5 0.7490 41 
2 3.3206 3.208 
10 1.0351 
d. Period 8-9 
5 1.5508 3.027 
2 0.2828 <1 
10 0.5123 
*The first number represents the stage at which shading 
was imposed; the second number represents the stage of harvest. 
*Significant at 5% level of probability. 
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Table 26. Duncan's New Multiple Range test of leaf area 
index for shading treatments imposed at selected 
growth stages 
Percent shade 
Period* 70% 50% 0% 
4-5 5.04^ 5.59 6.54 
4-7 5.78 6.58 6.60 
6-7 5.45 6.07 6.93 
8-9 6.32 6.33 6.70 
®The first number represents the stage at which shading 
was imposed; the second number represents the stage of leaf 
harvest. 
^Any two treatments underscored by the same line are 
not significantly different from each other. 
of the plots favored the predominance of (i). 
Analysis of shades imposed for 10 days beginning at 
stage 6 (period 6-7) showed that the differences among treat­
ments were barely non-significant (Table 25, c). Multiple 
comparisons in Table 26 indicated that leaf area was also re­
duced for the 70% degree of shading. It should be cautioned, 
however, that differences between treatments can also be ob­
tained by chance alone, in this case 5% of the time. Al­
though slightly lower than the control, the 50% shades did 
131 
not produce statistically different leaf drop. 
At period 8-9, comparison of leaf area for the three 
treatments showed no marked differences, indicating that 
leaf area was not a factor in producing differential seed re­
sponses when shades were imposed at stage 8. 
When the plant was divided into an upper and lower por­
tion, analysis of leaf/stem ratio provided evidence of the 
manner in which the assimilates were distributed. This was 
done with the following periods after shades were removed: 
4-5, 4-7, 6-7, and 8-9 (Tables 27 and 28). The node number 
was used to divide the plant into an upper and lower portion. 
These node numbers differed with the stage of growth as shown 
in the multiple range test Table 29. The tests showed that 
for the period 4-5, the ratio was lowest in the 70% shade, 
indicating reduction in photosynthate and subsequent leaf 
abortion. This reduction was just significant at the lower 
nodes, and evident at the upper nodes. Belikov (8) reported 
that at this early stage, translocation was primarily to the 
roots and to the apical meristems suggesting the reason for 
the lower ratio with shading. At period 4-7, (Table 29), 
the ratio for the 70% shaded treatment was greater than the 
other two, suggesting that energy was being utilized to pro­
duce new leaves. The upper portion of the shaded treatments 
revealed lower ratios than the control, but the reduction was 
not as severe as for period 4-5. Note that the total ratio 
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Table 27. Analysis of variance for leaf/stem ratio in the 
upper and lower portions of the plants when 
treated at selected growth stages and harvested 
at indicated growth stages 
Source of variation D.F M.S. F 
a. Period 4-5* 
Block 5 0.0030 <1 
Light (L) 2 0.0452 3.610* 
Nodes (N) 1 6.5365 521.953** 
L X N 2 0.0271 2.165 
Error 25 . 0.0125 
b. Period 4-7 
Block 5 0.1162 1.318 
Light (L) 2 0.0855 <1 
Nodes (N) 1 3.5910 40.739** 
L X N 2 0.1836 2.083 
Error 25 0.0881 
c. Period 6-7 
Block 5 0.0408 2.090 
Light (L) 2 0.0533 2.732 
Nodes (N) 1 2.7224 139.430** 
L X N 2 0.0200 1.026 
Error 25 0.0195 
®The first number represents the stage when shading 
was imposed; the second number represents the stage of harvest. 
•Significant at 5% level of probability. 
**Significant at 1% level of probability. 
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Table 28. Analysis of variance and two-way table for the 
leaf/stem ratio at period 8-9* 
Source of variation D.F. M.S. F 
Block 5 0.0037 1.098 
Shades (S) 2 0.0041 1.207 
Nodes (N) 1 2.8056 825.780** 
S X N 2 0.0144 4.241** 
Error 25 0.0034 
Shade 
70% • 50% 0% 
upper 0.27b 0.32 0.26 
Nodes 
lower 0.82 0.81 0.89 
Variance of the difference between two means = .034 
®The first number represents the stage when shades 
were imposed; the second number represents the stage of 
harvest. 
^he quantity 2.060 x .034 = .070 must be exceeded be­
tween shades and control for significance at the 5% level of 
significance. 
**Significant at 1% level of probability. 
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Table 29. Duncan's New Multiple Range Test of oven-dry 
leaf/stem ratios at selected growth stages 
Lower nodes® Upper nodes^ Total 
Period^ 0% 50% 70% 0% 50% 70% 0% 50% 70% 
4-5 0.50^  0.50 0.46 1.46 1.29 1.27 0.68 0.65 0.58 
4-7 0.35 0.36 0.44 0.96 0.88 0.84 0.51 0.51 0.54 
6-7 0.35 0.32 0.29 0.95 0.87 0.76 0.50 0.48 0.44 
8-9 0.26 0.32 0.27 0.89 0.81 0.82 0.46 0.45 0.44 
*Nodes 1-10 for all periods. 
^odes 11-13 at stage 5; nodes 11-17 at stage 7; nodes 
11-18 at stage 9. 
^The first number represents stage at which shades were 
imposed; the second number represents growth stage of harvest. 
^Any two treatments underscored by the same line are 
not significantly different. No test was made on total 
ratios. 
for the entire plant (not the mean of the upper and lower 
nodes) was highest in the 70% treatment at period 4-7. 
Shades imposed at stage 6 and harvested at stage 7 
(period 6-7) disclosed that the upper nodes were predominate­
ly affected, although the value of 0.29 in the lower nodes 
was barely non-significant. At this time the bottom portion 
represented nodes 1-10 and the upper portion, nodes 11-17, 
or the top of the plant. Again, the ratio was smallest with 
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the 70% shading at the upper nodes. At period 8-9, the pre­
dominant pod filling and partially pod setting period, the 
assimilates are translocated to the nodes (3, 8), Shading, 
as shown in all periods, affected the top of the plant. If 
a leaf was removed or insufficient energy was available to 
support a pod, the pod at that leaf apparently aborted. 
The soybean plant is indeterminant and produces flowers 
and pods continuously from stage 3 through stage 7. As 
this is the case, it was postulated that the number of pods 
should also be affected by shading and that this shading 
should affect the location of these pods differently as was 
suggested in the leaf-stem ratio and leaf area data. There­
fore, the data were also divided into the upper and lower 
portion of the plant and analyzed for pod number. The node 
number for the lower portion consisted of nodes 1-10 for 
all periods investigated. The upper nodes varied, consist­
ing of 11-17 at stage 7 and 11-18 at stage 8. The highest 
number of nodes for each period represented an average for 
the total nodes on the plants. Analysis of variance for 
three periods, 4-7, 6-7, and 8-9, were computed (Table 30). 
The interaction of shades and nodes was just significant at 
period 6-7 indicating that the effect of shades was operating 
differently at the upper and lower nodes. A two-way analysis 
and subsequent Isd and the Duncan's New Multiple Range Test 
showed the same results. The results of the multiple range 
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Table 30. Analysis of variance for pod number at the top* 
and bottom portion of the plant harvested at se­
lected growth stages 
Source of variation D.F. M.S. F 
a. Period 4-7^ 
Block 5 49.9011 3.360* 
Light (L) 2 207.9033 14.288** 
Nodes (N) 1 570.4134 39.201** 
L X N 2 47.2744 3.249 
Error 25 14.5509 
b. Period 6-7 
Block 5 21.2557 1.069 
Light (L) 2 170.4835 8.578** 
Nodes (N) 1 1324.9598 66.665** 
L X N 2 71.3558 3.590* 
Error 25 19.8748 
c. Period 8-9 
Block 5 74.6217 3.967** 
Light (L) 2 61.6869 3.270 
Nodes (N) 1 1986.1875 105.600** 
L X N 2 63.4802 3.375 
Error 25 18.8085 
^Significant at 5%, 
**Significant at 1%. 
*For all periods, the bottom included nodes 1-10. The 
top included nodes 11-13 for period 4-7, nodes 11-15 for 
period 6-7, and nodes 11 to 18 including branches for period 
8-9 • 
T^he first number of the period indicates the growth 
stage when shading was imposed. The second number represents 
the growth stage of harvest. 
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comparisons only are presented in Table 31 . The responses 
are also evident from inspection of Figure 33. At periods 
4-7 (Figure 33A) and 6-7 (Figure 33A) the bottom portion of 
the plants was affected more than the top, whereas the re­
verse was true for the period 8-9 (Figure 33A). The differ­
ence between the 50% shading and the control was significant, 
but the difference between the 30% shading and the control 
was almost significant. The results suggested that the 
primary factor affecting seed yield by shading at stage 8 was 
an increase in number of pods aborting even at this stage. 
The effect was evident only at the top portion of the plant. 
It should be noted that at this stage the top portion repre­
sented about 50% of the nodes of the entire plant. Belikov 
(8) and Aronoff (3) explained that leaves at this stage 
translocated primarily to the nodes of their leaf, i.e., 
local translocation. This would explain why the lower nodes 
were not greatly affected at this stage. 
The number of pods which had set inch or longer) 
was apparently reduced more when the 50% shade was imposed 
at stage 4 and 6 than at stage 8 (Table 32). However, it 
should be noted that the shaded treatments at stages 4 and 6 
were imposed at different ages. Therefore, the pod number 
harvested at the end of the period may not have necessarily 
reflected the final yield. A larger number of flowers and 
pods aborted when the shades were imposed at stage 4; leaf 
BOTTOM TOP BOTTOM TOP BOTTOM 7  ^
NODES 
LEGEND : A CONTROL o 50% SHADE • 70% SHADE 
STAGE 4 STAGE 6 STAGE 8 
Figure 33. Effect of three levels of shade at three levels of growth stage 
on pod number per foot of plant row observed before plant 
maturity. A, B, C, represent the stage at which shades were 
imposed at stages 4, 6, and 8 respectively. 
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Table 31. Duncan's New Multiple Range Test for pod number 
at the upper and lower nodes at three levels of 
shading 
a. Period 4-7^ 
Treatments 
T-70 T-0 T-50 B-70 B-50 B-0 
6.53b 10.27 10.83 10.32 19.25 21.95 
b. Period 6-7 
T-70 T-50 T-0 . B-70 B-50 B-0 
8.65 10.90 11.28 16.10 22.66 28.47 
c. Period 8-9 
T-50 T-70 T-0 B-0 B-50 B-70 
14.17 18.82 23.30 33.55 33.62 33.68 
®The first number represents the stage when shade was 
imposed; the second number represents the stage of harvest. 
^Any two treatments underscored by the same line are 
not significantly different. 
initiation proceeded floral formation on the lower nodes of 
the plant. Subsequently, new flowers developed, although 
the number which eventually set was fewer than the control. 
The data on reduction and increase in leaf area and pod num­
ber for this treatment support this hypothesis. 
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Table 32. Pod number as a percent of control at three 
selected periods 
Shade treatment 
Period* 0% 50% 70% 
4-7 100 93.2 52.5 
6-7 100 84.4 52.5 
8-9 100 84.0 92.3 
®The first number represents growth stages when shades 
were imposed; the second number represents the stage of 
harvest. 
At the end of stage 6, pod abortion was a dominant fac­
tor in seed response. Leaf reduction plus deficient photo-
synthate resulted in a large number of pod abortions. Since 
flowering was not the dominant differentiation process, the 
energy received by the plants subsequent to shade removal 
was used to produce larger seeds although the number of pods 
was less. 
When shades were imposed at stage 8, the pod filling 
stage, the primary effect was a reduction in pod number. The 
resultant pod abortions induced the plants to produce larger 
seeds which were primarily located in the upper half of the 
plant. 
Periodic observations of leaf-disk dry weight indicated 
that upon removal of the shades, the plants in the previously 
shaded treatments were able to assimilate at a much faster 
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rate than the control after three to four days subsequent to 
shade removal. This was clearly evident, after shades were 
removed on July 20th, as shown in Figure 34 which shows the 
dry weight of three leaf disks. The rapidly decreasing dif­
ference in dry weight is interpreted as an indication of an 
increasing assimilation rate. This increase was partially 
evident after shade removal on August 9, Further evidence 
that an apparently greater carbon dioxide assimilation pro­
ceeded after shades were removed is shown by net photosynthe­
sis observations, corrected to equal leaf area (Figure 35). 
The data reveal that the community was able to utilize sun­
light in excess of 5800 foot-candles, the saturation level 
for the control, during the period four days after shades 
were removed. However, at a later period, stage 8, a reduc­
tion in light produced residual effects such that net carbon 
dioxide uptake was reduced below the control (Figure 35). 
The leaves under previously shaded plants were lighter green 
in color, suggesting that they contained lower chlorophyll 
content, when compared with the control. Age may have also 
been a factor in producing this residual effect. 
Oizumi and Nishiiri (79) reported that plant imposed 
to artificial shading contained less nitrogen, non-reducing 
sugars, and starch than the unshaded ones. As soon as shades 
were removed, the levels of these components increased. 
Their result and the data (Figures 34 and 35) in this study 
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with net photosynthesis suggested that the carbon dioxide 
fixation increased at a faster rate after shade was removed. 
The plant was apparently consuming its potential to bring 
its carbohydrate to a sufficient level. It is well known 
that plants, when shaded, lose their dark green color, but 
rapidly regain it upon receiving adequate sunlight. 
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SUMMARY AND œNCLUSIONS 
The effects of three levels of light reduction at three 
growth stages (4, 6, and 8) were investigated in field soy­
beans. In this study, light reduction of 70% and 50% of 
3500 langleys was imposed on the plant community. This was 
equivalent to 6 days during stage 4 and 10 days each during 
both stages 6 and 8. Although seed yield reduction was ob­
tained with shades of 70% and 50%, the manner in which these 
reductions were induced differed at the three growth stages. 
It was concluded that leaf area reduction was the dominant 
factor producing the lower yield at the flower initiation 
stage 4. Much of the energy available after shade removal 
was used for leaf initiation. Seed size did not differ with 
shades imposed at stage 4. 
The responses at stage 6 were similar to those of stage 
8. Pod abortion during these critical stages contributed 
toward larger seed size, but fewer pods and lower seed yield. 
The protein content was inversely related to the amount 
of sunlight; however, the relationship between shading and 
oil content was not clear. The 70% shade imposed at stage 4 
appeared to produce the only marked change. It was suggested 
that the effects of differential temperature at the three 
growth stages partially contributed to the oil content re­
sponse in this study. Reduction of leaf area and subsequent 
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distribution of its energy for leaf formation, rather than 
flower initiation or pod formation probably contributed to 
the oil content response at stages 4 and 6. 
Data from leaf/stem ratios, pod numbers, leaf disk 
samples and photosynthesis chamber were used to support the 
hypothesized manner in which the plant community compensated 
for the deficient energy in its attempt to maintain a balance 
within the plant system. Net photosynthesis and leaf disk 
samples were shown to suggest that the plant acts as a photo-
synthate sink, which is continually being utilized for growth 
and differentiation. When this sink is low, adjustments are 
made within the system. This was reflected in the plant re­
sponse which differed depending upon the time this sink was 
depleted. Depending upon the length and growth stage of 
shading, it was suggested that the plant was able to photo-
synthesize at a maximum light intensity particularly at the 
vegetative growth period. In this connection, one should 
use caution interpreting field chamber observations. In a 
practical situation, a cloudy period of a day or two may 
yield photosynthesis curves which differ markedly from those 
made during a period of clear or partly cloudy days. This 
implies there is danger in assessing light reduction on a 
daily basis. For a prolonged cloudy period, however, the ef­
fects may differ. 
147 
GENERAL SUMMARY AND CONCLUSIONS 
This study involved three aspects of light relation­
ships in soybeans grown in a natural canopy: (i) light in­
terception and distribution, (ii) net photosynthesis from 
the initial flowering stage, and (iii) shading at selected 
growth stages. These investigations were considered neces­
sary to provide basic information necessary to accurately 
assess the significance of light energy intercepted by field 
soybean communities. Specifically, the objectives of this 
study were: (i) to determine the pattern of distribution of 
light energy interception in field communities and to deter­
mine whether light interception was exponentially distributed 
with leaf area through the plant profile (depth) in a row-
type crop, (ii) to establish the relationship between hori­
zontal light interception and net photosynthesis from the 
flowering stage through the "green bean" stage in a soybean 
community, and (iii) to determine the manner in which seed 
yield response was affected by shading the community through 
selected growth stages for similar energywise periods of time. 
The pattern of distribution was determined by exposing 
a series of ozalid paper booklets in trays placed at several 
levels in the community. The number of papers bleached (ex­
posed) was related to percent light interception from a 
standard calibration curve obtained concurrently with the 
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observations. These observations were averaged and related 
to leaf area to determine whether the postulated model 
I = I^e"^ was met. Rearranged, this model could be ex­
pressed as follows: i/Iq = e~^ or InCl/l^) = -kA, where 
l/lg was percent light interception and A, leaf area. When 
plotted on semi-logarithmic paper, k represented the slope 
or the extinction coefficient of the distribution. It was 
concluded that the extinction coefficient provided an index 
relating rate of light distribution through the canopy pro­
file in a row-type community oriented north-south. It was 
found that the exponential distribution was also evident be­
tween plant rows, suggesting an explanation of why the hy­
pothesized distribution was also applicable in the open row-
type soybean crop. 
The extinction coefficient was hypothesized to differ 
with row spacing. Therefore, in 1963, four row spacing 
treatments, 18, 24, 30 and 36-inch row spacing were included. 
Smaller coefficients (larger negative numbers) were associ­
ated with a larger number of leaf drops (dead leaves). The 
smallest coefficient was associated with the 18-inch row 
spacing while the largest coefficient was associated with the 
36-inch spacing at stage 5. The relationship was not evident 
at stage 7 in 1963. Since the extinction coefficient was af­
fected by the morphology of the community, the 1963 treat­
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ments were held rigid to prevent lodging. In 1964, an iden­
tical experiment was conducted, but the plants were allowed 
to naturally lodge. It was assumed then that the years 1963 
and 1964 reflected differences in morphology. Data were 
presented which indicated that these two years could be 
reasonably compared. Although total seed yield did not dif­
fer between these two years, seed size and seed number were 
affected. It was suggested that the difference in extinction 
coefficients contributed to these differences in responses. 
Differences among spacing treatments in 1964 were non-sig-
nificant. 
It was concluded that light is primarily intercepted at 
the top and the periphery of a soybean community. This seems 
reasonable when one considers the shape and orientation of 
the leaves. When the mean total leaf area intercepting 90% 
of the incident light (effective leaf area) was calculated, 
roughly 25% to 65% of the leaf area was effective from a 
period near flowering to the pod filling stage, the percentage 
depending upon row spacing and degree of lodging. 
If light energy was intercepted at the top and periphery 
of the canopy, it would seem reasonable to assume that the 
visible top surface of the community played a dominant role 
in the carbon dioxide fixation. Therefore experiments with 
net photosynthesis and observations of effective assimilation 
ration from leaf disks were conducted in 1964 to test this as­
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sumption. Net photosynthesis observations were obtained 
with a field chamber, which was cooled by an air conditioner. 
Light interception outside the chamber was corrected for in­
terception inside and at the top of the community. From the 
results of the light distribution study, the horizontal 
light meter measurement was considered representative for 
the entire community. 
The data relating light intensity (fopt-candles) and net 
photosynthesis (milligram CO2 per square decimeter ground 
area per 15 minutes) were fitted with the quadratic model 
Y = a + bX - cX^ through the curvilinear portion up to a 
selected point and then tested with a linear model, thereafter, 
for the hypothesis that the slope was zero. If the hypothe­
sis was accepted, it was assumed that Y = y. Observations 
were selected from inspection and tested with these two 
models such that the *'best fit" line was obtained. The "best 
fit" model possessed the smallest mean square for residual. 
p 
Intersection of these two lines i.e., Y = a + bX - cX at 
Y = y provided the saturation level for the growth period 
sampled. In addition, it was possible to obtain maximum net 
photosynthesis at saturation from these curves and estimate 
the net carbon dioxide uptake with age. The saturation level 
dropped from 6000-6400 foot-candles at the flowering stage 
to near 5500 foot-candles at the pod formation stage. This 
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level of 5500 foot-candles maintained itself to near stage 
8.3 or the pod filling stage, and dropped abruptly to about 
4,000 foot-candles at the "green bean" stage. Maximum net 
carbon dioxide fixation was similarly related to the satura­
tion curve. Evidence presented by several investigators in­
cluding Ormrod (80), Gaastra (35), Takeda and Murata (98) 
and estimation of energy use by Howell (51) indicated that 
daylight respiration of soybeans proceeds at a higher rate 
than what was contended previously. 
Data were presented to show that even though leaf area 
increased from stage 4 (flowering)to stage 6 (pod formation 
and flowering), apparent photosynthesis decreased. This 
could be interpreted to mean that the maximum effective leaf 
area was attained at the earlier stage. It was suggested 
that the community apparently possessed an excessive amount 
of leaves. However, the question of whether the plant needs 
these leaves still exists. This question can only be 
answered by further investigation. 
The results of the light interception study in this 
broad leafed row crop species would suggest that the mor­
phology of the leaves of the plant is a major factor limit­
ing higher yields. The large amount of self shading and pre­
dominant interception at the periphery of the canopy indi­
cate that many leaves lower in the canopy are not receiving 
adequate radiation. The portion of the total photosynthate 
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sink tied up in these lower leaves seems to be poorly 
utilized. An increase in yield could possibly be achieved 
by selecting soybean varieties whose natural leaf inclina­
tion leads to deeper penetration of useful radiation to a 
greater number of leaves. Factors in this selection 
might include leaf angle, size, shape or some other morpho­
logical characteristic. Further, in any selection program, 
screening of breeding material would be based on the shape 
of the photosynthetic curves, with varieties having a higher 
level of potential photosynthesis being selected. 
Since the community possessed a saturation level for 
sunlight and apparently did not require full sunlight, it 
was desirable to determine the effects of reduced sunlight 
when shades were imposed at selected growth stages. The 
shading experiment involved shading the field with a treat­
ment of 50% shade produced by two layers of cheesecloth and 
a treatment of 70% shade produced by a layer of burlap net­
ting and two layers of cheesecloth. A control, with no 
shading, was also included. Shades were imposed at three 
growth stages: 4, 6 and 8, the period of primary flowering, 
pod formation and bean filling stages, respectively. This 
portion of the study was designed to answer several specific 
questions: (i) what differential responses will these shades 
produce? (ii) how will the length of shading affect the re­
sponses? (Ill) how will the responses be affected when shades 
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are imposed at different growth stages? and (iv) in what 
manner does the community compensate to produce these re­
sponses? 
With respect to energy, the shades were left on the 
plots for the same period of time at the three growth stages. 
This meant that it was imposed for a period of 6 calendar 
days or 3500 langleys for the first period (stage 4) and 10 
days for the second (stage 6) and third (stage 8) periods. 
When shades were imposed at stage 4, seed yield was re­
duced by 16% with the 70% shade and about 15% with the 50% 
shade. It was concluded that leaf area reduction was the 
dominant factor producing the lower yield at the flower ini­
tiation stage. A large portion of the energy was used for 
leaf initiation at the expense of floral formation after 
shade removal. At stages 6 and 8, pod abortion, resulting 
from leaf drop and insufficient photosynthate, contributed 
to the lower yield in the shades. However, differences 
among treatments were smaller when shades were imposed at 
the latter stage. Seed yield was reduced by 16% with the 70% 
shade and 14% with the 50% shade at stage 6. At stage 8, 
yield was reduced 10% with the 70% shade and 2% when sunlight 
was reduced by half. When pod formation and filling was the 
dominant process, the energy received subsequent to shade re­
moval was allocated to a fewer number of pods. Therefore, 
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seed size for the shades imposed at stages 6 and 8 was larger 
than the control. 
The protein content was inversely related with percent 
sunlight i.e., the higher the sunlight, the lower the percent 
protein content. 
If one assumed that the extinction of light was ex­
ponentially reduced with depth in the shaded treatments, the 
effective leaf area above compensation point would be lower 
in the shade. A large reduction in yield as found in this 
study could then be expected. On the other hand, with arti­
ficial shading (or under completely overcast sky), the per­
cent of diffuse light increases and consequently the extinc­
tion of light with plant depth may change. Limited data of 
net photosynthesis in field chambers under shades and in the 
control, observed during the same day, suggest that net car­
bon dioxide uptake in the 50% shade was nearly equal to that 
of the control while the 70% shade assimilated about 70% 
of the net uptake by the control treatment. These limited 
data suggest that probably diffuse light may have been a sig­
nificant factor in net photosynthesis under shades and that 
the extinction of light with plant depth may differ from that 
of plants exposed to direct sunlight. It is suggested, how­
ever, that the results of these two studies cannot be validly 
compared because of the interruption of the plant's mechanism, 
which results from prolonged shading. Leaf disk and limited 
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net photosynthesis chamber observations supported this con­
tention. The residual effect implied a reduction in chloro­
phyll content (based on leaf color observation). After a few 
days, (three to four days), the assimilation rate was appar­
ently back to "normal" and even showed assimilation in ex­
cess of the postulated saturation level. At a later growth 
stage (stage 9), apparent photosynthesis in the previously 
shaded treatments was lower than the control. Deficient 
chlorophyll and age were probable factors involved in this 
phenomenon. It is suggested that shorter shading periods be 
imposed to realistically consider shades as simulating 
cloudy or overcast days. It is concluded that reduction of 
at least 50% of 3500 consecutive langleys was detrimental to 
seed yield for the stages and types of days considered in 
this study. 
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